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Transformations involving carbonyl compounds have played a crucial role in synthetic organic 
chemistry and carbonyls are arguably the most important substructure in organic molecules, due 
largely to the fact that the electrophilic carbon of carbonyls are susceptible to nucleophilic 
attack.1,2 The Mukaiyama-aldol reaction further proliferated the utility of the carbonyl group 
through its activation by Lewis acids.3 Lewis acids have been employed ubiquitously to activate 
carbonyl-containing compounds in organic synthetic methods.1,4,5 The goal of this introductory 
chapter is to provide an overview of the behavior of complexation between commonly employed 
Lewis acids with various carbonyl-bearing compounds and how these complexes have been 
employed in synthesis and their impact their respective reactivities.  
Boron (III) Lewis Acids. 
Boron Lewis acid-carbonyl complexes. Boron-based Lewis acids are perhaps one of the 
most exhaustively researched Lewis acids when it comes to their adducts with carbonyls, likely 
due to their routine utilization in important organic transformations.4 Indeed, as early as 1932 
Sugden and Waldorf reported the parachors of BF3 adducts with ethers as well as acetylacetone 
to determine the stoichiometry of these Lewis acid complexes, which they determined 1:1 ratio 
when acetylacetone was added to BF3.
6 Later, Lappert utilized infrared (IR) spectroscopy to 
determine the shifts (∆ν) in C=O vibrational wavenumbers between free ethyl acetate and the 
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complexes formed with BF3 and BCl3.
7 Lappert reports ∆νC=O of 170 cm
-1 and 191 cm-1 for 1:1 
complexes 1 and 2 formed when EtOAc is added to BCl3 and BF3, respectively (Figure 1). Susz 
and coworkers also utilized IR to determine 1:1 complexes 3, 4, and 5 when acetone, (1640 cm-
1), 4-heptanone (1635 cm-1), and acetophenone (1555 cm-1) were combined with BF3, 
respectively.8,9 Importantly, Reetz and coworkers determined the structure of the 1:1 
benzaldehyde-BF3 complex 6 via X-ray crystallography. 
10 Interestingly, Wiberg and LePage 
studied the rotational barriers of aldehydes and ketones coordinated to main group Lewis acids.11 
They report that a 1:1 complex (7) forms between formaldehyde and BF3 with a preferred bent 
geometry.  
 
Figure 1. 1:1 Boron(III)-complexes with carbonyl compounds. 
Additionally, Cook extended IR studies beyond simple carbonyls and employed 4-
pyridones and xanthone as Lewis bases.12,13 When he combined xanthone to BF3 he observed a 
vibration at 1525 cm-1 (∆ν 138 cm-1), which Cook determined was 1:1 complex 8. Cook also 
reports a 1:1 complex (9) when xanthone is added to BCl3 with a C=O stretch at 1434 cm
-1.13 
Simultaneously, Cook observed that when a 4-pyridone was added to BBr3 a 1:1 complex (10) 
was formed with a carbonyl vibration at 1470 cm-1 (Figure 1).12  
BF3 complexes have been extensively studied through semiempirical and ab initio  
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studies.10,11,14–17 In 1984, Gal and Maria determined the enthalpies of BF3-complex formation 
with a variety of nonprotogenic solvents in order to determine their relative Lewis basicities.18 
They determined only the formation of 1:1 complexes between all Lewis bases employed, 
including acetone (76.03 ± 0.21 kJ mol-1), acetophenone (74.52 ± 0.15 kJ mol-1), and 
benzaldehyde (74.88 ± 1.00 kJ mol-1). They were able to confirm the stoichiometry of these BF3-
carbonyl complexes through NMR and IR spectroscopies that were previously established by Gal 
and Morris.19 In their IR studies, they report 1:1 complexes of para-substituted N-
ammoniobenzamidates (11, Figure 2).20 The group found similar results when they utilized 4-
substituted camphors, substituted aromatic carbonyl compounds, and amino-substituted aromatic 
compounds as Lewis bases (12, 13, 14, 15, and 16).21–23 The Rauk group extended Gal and 
Morris’s computational studies of BF3-carbonyl complexes to elucidate the relative Lewis 
basicities and found 1:1 complexes that favor orientation with BF3 syn to the hydrogen atom 
when aldehydes are employed as the base. Alternatively, when acetone is employed as the Lewis 
base, they observe slight rotation of the methyl and BF3 groups to reduce steric hindrance. (18, 
Figure 2).16 As summarized in Figure 1 and Figure 2, boron (III) halide Lewis acids form solely 
1:1 coordination complexes with carbonyl adducts with a preferred bent geometry.  
 
Figure 2. 1:1 Boron(III)-complexes determined via ab initio studies. 
 Boron (III) in catalysis. The low energy level of the empty p-orbital of boron is what 
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makes it favorable and labile as a Lewis acid.4  Boron(III) Lewis acids have been routinely utilized 
in synthesis as catalysts for Friedel-Crafts type reactions, Diels-Alder reactions, cycloadditions, 
and Prins-type cyclizations.4,24 This section will specifically focus on a few key examples of how 
Lewis acid-complexation dictates reactivity. Batey and coworkers reported a BF3·OEt2 catalyzed  
Pavarov reaction, a hetero-Diels-Alder reaction, yielding tetrahydroquinolines (Figure 3A).25 The 
Danishefsky group reported a BF3·OEt2 catalyzed intramolecular Diels-Alder reaction of 
cyclobutanone and larger cycloalkenones, which yielded cycloaddition products with high endo 
selectivity (Figure 3B).26 Interestingly, Liu and coworkers performed a DFT study to examine the 
impact of Lewis acids on the reactivity of a Diels-Alder reaction between acrolein and isoprene.27  
Based on their calculations they determined that BCl3 was the 2
nd strongest Lewis acid with AlCl3 
being stronger. Importantly, they found a strong donor-acceptor interaction between BCl3 and the 
carbonyl of acrolein, which suggests that acrolein and BCl3 are covalently bonded.  
 
Figure 3. BF3·OEt2-catalyzed Pavarov reaction (A) and BF3·OEt2-catalyzed Diels-Alder reaction 
of cyclobutanones (B). 
 
The Heathcock group studied the diastereoselection of Lewis acid-mediated aldol 
reactions of enol silanes with aldehydes. They proposed six different transition states (Figure 4). 
They ruled out the reaction progressing through transition states iii and vi due to disfavored 
dipole-dipole interactions. Transition state ii is destabilized by the nonbonded interaction 
between the t-butyl and phenyl groups. They further eliminated i due to the steric interaction 
between the Lewis acid and t-butyl group. Ultimately, they propose that the reaction likely 
proceeds through ii to from the anti-products. Interestingly, TiCl4, SnCl4, and BF3 gave similar  
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results, which indicates that chelation control is not a factor in this specific reaction since BF3 
cannot form a chelated structure.  
 
Figure 4. BF3·OEt2-catalyzed diastereoselective Lewis acid-mediate aldol reaction and proposed 
transition states. 
 
Additionally, Tang and coworkers performed DFT calculations in order to determine the 
role of BF3 in the [2+2+2]-cycloaddition of ketene and ketones in the formation of 3-aryglutaric  
anhydrides.28 They ultimately found that when all three possible reaction pathways are 
considered, the energy barriers of the catalyzed pathways are much lower than the uncatalyzed 
pathway and that pathway B (Figure 5) is the most favorable, which leads to cycloaddition 
product 45. Further, they determined that the energy of rate-determining step is largely lowered 
when catalyzed by BF3 because of the change on the overlap mode, rather than the molecular 
orbital symmetries.  
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Figure 5. BF3·OEt2-catalyzed [2+2+2]-cycloaddition and its three possible mechanistic pathways. 
Indium (III) Lewis Acids. 
 Indium Lewis acid-carbonyl complexes. In his IR spectroscopy study of coordination 
complexes of EtOAc with various Lewis acids, Lappert reports a 1:1 complex (1628 cm-1) when 
EtOAc was combined with InCl3
 (Figure 6).7,29  Cook also studied the complexation of xanthone 
with InCl3 and observed a 1:1 complex with a vibration at 1604 cm
-1 (Figure 6).13 To my 
knowledge, these are the few examples of IR studies performed InCl3 complexation with 
carbonyl-based Lewis bases. However, Fairbrother, Flitcroft, and Prophet performed extensive 
elemental analysis on the coordination complexes formed when ethers and thioethers are 
combined with indium trihalides.30,31 Interestingly, the report 2:1 complexes when various ethers 
were added to indium (III) halide salts. It is important to note that other trihalides in this group 
form predominately 1:1 complexes.30 Importantly, the enthalpy of complexation when dimethyl 
ether and diethyl ether were added to InCl3 were ∆H = -19.9 kcal mol
-1 and ∆H = 33.5 kcal mol- 
1, respectively (Figure 6). They observe similar behavior when they employed thioethers as the 
Lewis base.31 
                                                                                                                                                 7 
 
 
Figure 6. 1:1 InCl3-carbonyl complexes and 2:1 InCl3-ether complexes. 
Indium (III) in catalysis. Indium (III) salts have been utilized in catalysis as early as the 
1990s and have been of particular interest due to their “milder” Lewis acidity compared to other 
typical Lewis acids (i.e. AlCl3, SnCl4, and TiCl4) as well as their stability in aqueous mediums.
4 
Indium salts have been utilized in coupling reactions, annulation reactions, allylation reactions, 
as well as in condensations and addition reactions.4,32,33 The Mukaiyama group developed InCl3- 
catalyzed aldol reactions of silyl enol ethers with aldehydes and acetals.34 Importantly, they were 
able to form the desired aldol products in high yields (Figure 7A). Later, Deng and Ren reported 
an InCl3·4H2O-catalyzed aldol condensation of a variety of ketones with different aldehydes to 
give -unsaturated carbonyl compounds in high yields (Figure 7B).35 Nakamura and 
coworkers utilized In(OTf)3 as a catalyst in the addition of -ketoester to acetylene to produce -
vinylated ketoesters in excellent yields (Figure 7C).36 The Loh group reported an InCl3-catalyzed 
Prins cyclization to form 2,4,6-trisubstitued tetrahydropyrans in one-pot (Figure 7D).37 
Interestingly, Shibasaki et.al. developed a dual activation catalytic alkynylation of aldehydes and 
ketones utilizing In(III) as a catalyst (Figure 7E).38 They Yadav group performed a three 
component condensation of 2-deoxyribose, aryl amine, and acetyl acetone to form byicylic 
aminols utilizing InCl3 as the catalyst (Figure 7F).
39 Importantly, Loh and coworkers also  
developed a three component one-pot Mannich-type reaction of -amino carbonyl compounds  
utilizing InCl3 in water (Figure 7G).
40 
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Figure 7. In(III) utilized as a Lewis acid-catalyst in organic Mukaiyama-aldol addition (A), aldol 
condensation (B), alkylation (C), Prins cyclizations (D), dual-activation alkynylation (E), 3-
component condensation (F), and a one-pot Mannich reaction (G). 
 
Gallium (III) Lewis Acids. 
 Gallium Lewis acid-carbonyl complexes. There is a dearth of information available in 
the literature on the nature of complexation between carbonyl-centered Lewis bases and GaCl3. 
One of the few examples includes Lappert’s study of complexation between EtOAc and various 
Lewis acids. When GaCl3 is considered, he observes a 1:1 complex (74) with a C=O vibration at 
1600 cm-1 (Figure 8). Cook studied the interaction between acetyl chloride and GaCl3 in  
nitrobenzene as well as neat utilizing IR spectroscopy. Cook reports a strong vibration at 2300 
cm-1 in the pure complex, consistent with the acetylium ion41; however, in nitrobenzene they 
observe and strong signal at 2200 cm-1, suggesting a more complicated ionic species is present.  
Importantly, Cook observes a vibration at 1613 cm-1, which he attributes to the 1:1 coordination 
complex 75 (Figure 8).42 
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Figure 8. GaCl3-Lewis base complexes.  
 Carty, Patel, and Boorman examined the coordination complexes between Ga(III) halides 
and DMSO and DMSO-d6 via IR and Raman spectroscopy.
43 Interestingly, they observe a 1.5:1 
stoichiometry when DMSO is added to GaCl3 with vibrations at 502, 380, and 358 cm
-1 in the 
far-IR spectrum. Their IR observations are in agreement with a previously reported44 
GaCl3(DMSO)2 complex; however, this complex has the structure [Ga(DMSO)6]-[GaCl4]3. 
Beattie and Ozin extended the studies of complexation with Group III halides by employing 
trimethylamine as Lewis base.45 Importantly, they report monomeric complexation (76) between 
Me3N and Ga(III) halides (Figure 8). 
 
Figure 9. GaCl3-catalyzed alkyne-aldehyde coupling (A) and its proposed mechanism (B), GaCl3-
catalyzed coupling of phenylpropynes with aldehydes (C), and Ga(III)-catalyzed coupling between 
phenylpropyne and various aldehydes to form dihalo-pentadienes (D). 
 
Gallium (III) in catalysis. GaCl3 has been utilized as a catalyst in Friedel-Crafts 
reactions46–48 and has been found to exhibit similar reactivity to AlCl3.
4
 Additionally, Ga(III) has  
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the ability to interact with various organic and inorganic compounds in a variety of ways beyond 
the classical carbonyl activation mode.4 For example, Ga(III) compounds have been known to 
react with alkynes through -complexation.49–53 For the interests of this chapter, focus will be on 
catalytic systems that utilize GaCl3 to activate carbonyl compounds. Li and coworkers developed 
an alkyne-aldehyde coupling catalyzed by GaCl3 to form aryl-napthalenes (Figure 9A and Figure 
9B).54 They also found they could couple 1-phenylpropyne with various aldehydes to form - 
unsaturated ketones as well as cyclized product 88, which is proposed to form via an oxetane 
intermediate (Figure 9C).55 Interestingly, when GaCl3 is used to promote the coupling between 
phenylacetylenes and aldehydes, 1,5-dihalo-1,4-pentadienes are formed (Figure 9D).56  The 
Chatani group reports a GaCl3-catalyzed [4+1] cycloaddition to yield unsaturated −lactone 
derivatives (Figure 10A).57 They also found that GaCl3 works well as a catalyst for the 
rearrangement of -trisubstituted aldehydes and ketones, which they found proceeds through 
double activation of the carbonyl group by two molecules of GaCl3 (Figure 10C and Figure 
10D).58 
  
Figure 10. GaCl3-catalyzed [4+1]-cycloaddition (A) and its proposed mechanism (B), GaCl3-
catalyzed rearrangement of trisubstituted ketones (C), and its proposed mechanism (D).  
 
Aluminum (III) Lewis Acids. 
 Aluminum Lewis acid-carbonyl complexes. Historically, studies of complexation of  
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Lewis bases with Al(III) Lewis acids have primarily focused on AlH3
59–61; however, AlCl3 is 
ubiquitously utilized in Lewis acid-catalysis.24,62,63 Importantly, Wiberg and LePage extended 
their ab initio studies beyond BF3 to study the rotational barriers of complexation between 
formaldehyde and AlCl3. Similar to BF3, when formaldehyde is added to AlCl3 a 1:1 complex is 
formed with a preferred bent geometry (110, Figure 11).11 Reetz and coworkers also performed 
computational analysis on the complexation of some simple ketones with AlCl3. They found that 
1:1 complexes were favorable when Lewis base was added to AlCl3. Importantly, a strong bond 
was predicted for the 1:1 complex (111, Figure 11) when propanoyl chloride is added to AlCl3 
(D0 (298) = 24.8 kcal mol
-1).17 Furthermore, Jasien performed computational analysis to 
elucidate the structures and energetics of AlCl3 complexes, exclusively.
64 He also found 1:1 
complexes when formaldehyde (110) is added to AlCl3 (HBDE = 26 kcal mol
-1) and when 
formoyl chloride (112) is added to AlCl3 (HBDE = 21 kcal mol-1). 
 
Figure 11. 1:1 Al(III)-carbonyl complexes and crystal structure of Benzoyl chloride-AlCl3 
complex. Color code of crystal structure: green = chlorine, tan = aluminum, red = oxygen, gray = 
carbon, white = hydrogen. 
 
 Additionally, Lappert reports 1:1 complexes 113 and 114 between EtOAc and AlCl3 
(1624 cm-1) and AlBr3 (1603 cm
-1), respectively.7  Importantly, in 1966 Rasmussen and Broch 
obtained an X-ray crystal structure of a 1:1 complex formed between benzoyl chloride and AlCl3 
(115) with a tetrahedral geometry around the Al(III) center.65 Interestingly, they note that AlCl3 
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is only soluble in CS2 and that once 115 is formed the solubility increases. Interestingly, Bentrup 
and coworkers utilized in situ ATR-FTIR to monitor the reaction intermediates formed in an 
AlCl3-catalyzed cyclocondensations. They report a 1:1 complex 116 with a C=O vibration at 
1628 cm-1 when butenone is added to AlCl3 (Figure 11)
66, which is consistent with a report by 
the Pasynkiewicz group for a monomeric chelation complex between AlCl3 and methyl 2-
hydroxybenzoate (117).67  
 
Figure 12. AlCl3-catalyzed Diels-Alder reactions. 
 Aluminum (III) in catalysis. A variety of metal halides have been utilized as catalysts in 
Friedel-Crafts reactions4,42,68; however, AlCl3 is the most widely used metal halide for this type 
of reactivity ever since its debut in the method published by Friedel and Crafts.69 Again, the 
focus on Al(III) utilized in synthesis will primarily be on Al(III)-centered Lewis acids activating 
carbonyl-based substrates and development of chiral Lewis acids will not be discussed. 
Importantly, Yates and Eaton reported that utilizing AlCl3 in the Diels-Alder reaction between 
anthracene and malaeic anhydride increased the rate of reaction more than 2,000 fold.70 Wenkert 
and coworkers examined the regioselectivities of Diels-Alder reactions with cycloalkenones 
(Figure 12A and 12B).71,72 Importantly, The Hsu group examined the electronic and steric factors 
that govern the syn-anti isomerism of Diels-Alder interactions, namely elucidating the role of 
Lewis acid.73 They found that AlCl3 increases the anti-syn ratio of isomers. More importantly, 
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AlCl3 forms a 1:1 complex with methyl acrylate and the resulting reaction takes place with this 
complex; therefore, the yields of methyl acrylate adduct are increased (Figure 12C). 
 
Figure 13. Al(III)-catalyzed acyl-Claisen rearrangement (A), [2+2]-cycloaddition (B), cascade 
[4+2]-[2+2]-cycloaddition (C), and [3+3]-cyclocondensation (D). 
 
The utilization of Al(III)-based catalysts have also been extended to other cyclic systems. 
Interestingly, MacMillan and coworkers utilized AlCl3 to catalyze an acyl-Claisen rearrangement 
with high yields of the desired 1,2-disubstituted Claisen adduct (Figure 13A).74 The Ihara group 
reports a EtAlCl2-catalyzed [2+2]-cycloaddition to form cyclobutanes (Figure 13B).
75,76 Later, 
the group extended the use of EtAlCl2 as a catalyst in the cascade [4+2]-[2+2]-cycloadditions to 
construct bicylco[4.2.0]ocetanes, which they utilized in the synthesis of Paesslerin A (Figure 
13C).77 Bentrup and coworkers reported the first AlCl3-mediated [3+3]-cyclcocondensation 
reactions of 4,4-dimethoxy-1,1,1-trifluorobut-3-en-2-one and 1,3-bis(silyloxy)-1,3-butadienes 
(Figure 13D).66 Importantly, they conducted simultaneous ATR-FTIR and UV-vis spectroscopic 
studies, which elucidated the formation of an AlCl3-bidendate butenone adduct as a key 
intermediate (143). 
Iron (III) Lewis acids. 
 Iron Lewis acid-carbonyl complexes. As early as 1904, Rosenheim and Levy studied 
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the compounds formed when unsaturated ketones were combined with metal chlorides. 
Interestingly, they found that FeCl3 formed 1:1 complexes when combined with cinnamaldehyde 
(144) and ethyl cinnamate (145), the latter was also reported by Pfeiffer.78,79 The Susz group also 
reports a 1:1 complex (146) between FeCl3 and acetophenone with a C=O vibration at 1545 cm
-1 
(Figure 14).9 Later, Dilthey and Rauchhaupt studied the addition compounds that formed when 
double-unsaturated aromatic ketones were added to metal salts. Importantly, they formed 2:1 
complexes when dianisalacetone (147) and anisal-[o-Cl-benzal]-acetone (148) were added to 
FeCl3, which they determined via elemental analysis.
80 Importantly, Lappert also reports a 2:1 
complex with a vibration at 1656 cm-1 when EtOAc is added to FeCl3 (149, Figure 13).
81 To the 
best of my knowledge, these are the few examples of carbonyl addition complexes reported in 
the literature.  
 
Figure 14. 1:1 and 1:2 Fe(III)-carbonyl complexes. 
Iron (III) in catalysis. Iron has been utilized quite ubiquitously in catalysis due to its 
natural abundance, low costs, and because it is relatively benign.82,83 However, I will focus on 
Fe(III) halides utilized as carbonyl activators in organic synthesis with emphasis on methods 
developed within the last 20 years. Interestingly, the Itoh group developed an iron(III) chloride 
catalyzed Nazarov cyclization of thiophene derivatives (Figure 15A).84 The Jiang group reports 
an FeCl3-catalyzed Sakurai-Michael addition to chalcones in good to excellent yields of the 
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Michael adduct (Figure 15B).85 Wang and coworkers performed tandem intramolecular enaminic 
addition of enamides to ketones utilizing FeCl3 as a catalyst (Figure 15C).
86 Intriguingly, The Li 
group reports an unexpected Prins cyclization when they utilized FeCl3 to catalyze the 
cyclization of dimethylacetals to form unsaturated seven-membered carbocycles (Figure 15D).87  
 
Figure 15. Fe(III)-catalyzed Nazarov cyclization (A), Sakurai-Michael addition (B), enaminic 
addition (C), Prins cyclization (D), Michael addition-cyclization (E), 3-component condensation 
(F), intramolecular alkyne-carbonyl metathesis (G), and Mukaiyama-aldol addition (H). 
 
Li and coworkers examined an iron-catalyzed cascade reaction of ynones with aminoaryl 
compounds that generate 3-carbonyl quinolines via a Michael addition-cyclization 
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(Figure 15E).88 Interestingly the Singh and Srivastava groups developed a one-pot, three-
component condensation of aldehydes, ketones and anilines in the presence of FeCl3-Silica gel to 
yield -amino carbonyl compounds (Figure 15F).89 Jana and coworkers utilized FeCl3 to catalyze 
an intramolecular alkyne-carbonyl metathesis reaction to generate substituted phenanthrenes 
(Figure 15G)90, similar to the FeCl3-catalyzed carbonyl-olefin metathesis developed by Schindler 
et. al.91 More recently, a FeCl3·6H2O-catalyzed Mukaiyama-aldol type reaction with silyl enol 
ethers was reported by Medio-Simón and coworkers (Figure 15H).92 
 
Tin (IV) Lewis Acids. 
 Tin Lewis acid-carbonyl complexes. Sn (IV) Lewis acids either form 2:1 complexes 
with octahedral geometry or 1:1 complexes that favor trigonal bipyramidal geometries. These 
 stoichiometries and geometries are largely dictated and predicted by the 18-electron rule and by 
the nature of the Lewis base, respectively.93 Importantly, Pfeiffer was the first to report a 2:1 
complex 183 when benzaldehyde is added to SnCl4 (Figure 16).
79 Childs and coworkers studied 
the Lewis acid complexes of a range of Lewis acids with −unsaturated carbonyls via NMR 
spectroscopy. Importantly, they observe 1:1 complexes (184 and 185) when pent-3-en-2-one and 
crotonaldehyde were employed as Lewis bases (Figure 16).94 Paul and Chadha, utilized, 
elemental analysis, IR spectroscopy and conductance data to analyze the complexes of SnCl4 
with acetone, methyl-ethyl ketone, acetophenone, and benzophenone.95 Interestingly, they 
observe a 2:1 complex with a vibration at 1650 cm-1 and 1665 cm-1 when acetone is combined 
with SnCl4 and SnBr4, respectively (Figure 16). When acetophenone is added to SnBr4 they 
similarly observe a 2:1complex (188) with a C=O vibration at 1645 cm-1 (Figure 16). 
Additionally, when benzophenone is combined with SnCl4 and SnBr4, they additionally observe  
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2:1 complexes with vibrations at 1625 and 1560 cm-1 and at 1620 and 1560 cm-1, respectively. 
(Figure 16).  
 
Figure 16. Sn(IV)-carbonyl complexes. 
 Lappert additionally studied the complexation between EtOAc and Sn (IV) halide salts.7 
He observes a carbonyl frequency at 1613 cm-1 when EtOAc is combined with SnCl4, via IR 
spectroscopy. Lappert proposes that the absence of a carbonyl doublet is indicative of a trans- 
octahedral complex (191, Figure 16). Additionally, Lappert reports a 2:1 complex with a C=O 
stretch at 1630 cm-1 when ethyl acetate is combined with SnBr4 in the solid state. However, in the  
liquid state he observes two vibrations in the carbonyl region at 1701 and 1630 cm-1. Based on 
these observations, Lappert proposes an equilibrium of complexes 192 and 193, with complex 
193 being predominant in the solid phase. 
Importantly, Lewis, Oxman, and Huffman investigated the photodimerization of 
cinnamate esters in solution in the solid state. Via X-ray crystallography they found evidence of 
a 2:1 complex 194 when ethyl cinnamate was added to SnCl4 (Figure 17).
96 Interestingly, both 
ethyl cinnamate groups are s-trans and the complex is octahedral around the Sn center. 
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Furthermore, Denmark and coworkers report a 2:1 complex 195 between 4-tBuC6H4CHO and 
SnCl4 that was analyzed via X-ray crystallography (Figure 17).
97 Importantly, they note that the 
two aldehyde molecules are not identically oriented with respect to the Sn center; however the 
aldehydes are in a cis geometry. Additionally, Keck and coworkers examined the solution 
structures of Lewis acid complexes with -alkoxy aldehydes.98,99 Importantly, they found via 
NMR spectroscopy that a 1:1 bidentate complexes 196 and 197 are formed. Additionally, they 
found that these species are locked in their conformation with the methyl group at C2 in an 
equatorial position (Figure 17).  
 
Figure 17. Sn(IV)-carbonyl complexes and some of their crystal structures. Green = chlorine, dark 
gray = tin, red = oxygen, gray = carbon (hydrogens are omitted for clarity). 
 
Tin (IV) in catalysis. Tin has been utilized quite routinely as a Lewis acid catalyst in 
organic synthesis with emphasis primarily on Sn(IV) compounds.4 Like other Lewis acids, 
Sn(IV) compounds are commonly utilized in the catalysis of Diels-Alder reactions. Indeed, The 
Kim group reports asymmetric Diels-Alder cyclizations of chiral acrylamides with 
cyclopentadiene, where they observed endo-R products were favored when SnCl4 was utilized as 
the Lewis acid catalyst (Figure 18A).100 Kuwamura and Kudo reported an exo-selective Diels-
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Alder reaction when acrylate esters were utilized in the presence of SnCl4 (Figure 18B).
101 The 
Dujardin lab reported diastereoselective Diels-Alder reactions of N-protected benzaldimines  
(Figure 18C).102 Bredenbeck and coworkers utilized 2D-IR spectroscopy to elucidate the 
mechanism of an enantioselective Diels-Alder reaction of crotonyloxazolidinone (Figure 
18D).103  
 
Figure 18. SnCl4-mediated Diels-Alder cyclization (A), exo-selective Diels-Alder cyclization (B), 
Diels-Alder reaction of benzaldimines (C), and Diels-Alder reaction of crotonyloxazolidinone (D). 
 
 Interestingly, the Ishihara group performed a SnCl4-mediated [2+2]-cycloaddition to  
generate −unsaturated amides (Figure 19A).104 Intriguingly, the Coates group performed 
Prins cyclizations of -unsaturated ketones to trans-halohydrins, which they found to be highly 
anti-selective when in the presence of SnCl4 (Figure 19B).
105 The Alcaide group reports the 
SnCl4-mediated carbonyl-ene cyclization of 2-azetidinone-tethered alkenylaldehydes (Figure 
19C), which they also observed similar reactivity when they utilized BF3·OEt2.
106 Interestingly,  
the Liu and Shia labs report a SnCl4-catalyzed polyene cyclization to form bicyclic products 
through a tandem -bond rearrangement process (Figure 19D).107     
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Figure 19. SnCl4-catalyzed [2+2]-cycloaddition (A), Prins cyclization (B), carbonyl-ene 
cyclization (C), and polyene cyclization (D). 
 
Titanium (IV) Lewis Acids. 
 Titanium Lewis acid-carbonyl complexes. Schwartz and Larson studied the addition 
compounds formed between acetone, 2-butanone, acetophenone and benzophenone with TiCl4
 
via elemental analysis and IR spectroscopy.108 Interestingly, they report solely 1:1 complexation 
for all four ketones studied (Figure 20). Importantly, when the group performed IR analyses on 
these complexes, they did not observe as drastic of a ∆νC=O as was reported by Susz for an 
analogous acetone-TiCl4 system
109, nor for a EtOAc-TiCl4 complex (223) that was reported by 
Lappert.7 Instead, they observed ∆νC=O as low as 10 cm
-1 when acetophenone was employed as  
the Lewis base. From this small shift in the C=O stretch, the group concludes that coordination 
from oxygen to titanium is not occurring through a covalent bond, but through weak electrostatic 
forces analogous to hydrogen bonds. 
In 1991 Branchadell and Oliva performed ab initio studies on the complexation between 
formaldehyde and TiCl4. In their studies the group considered 1:1 complexes, 2:1 complexes, 
and dimerization of 1:1 complexes as possible coordination compounds.110 They report that 
formaldehyde forms 1:1 (224) and 2:1 complexes (225) when added to TiCl4, with the latter 
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being more energetically favored. Importantly, their results showcase that the 1:1 complex exists 
in a trigonal bipyramidal structure with the formaldehyde in the axial position (Figure 20). 
Furthermore, the group determined that the 2:1 complex favors cis-trans geometry (Figure 20). 
The group also found that dimerization (226) is more favorable of a process for monodentate 
carbonyl compounds, while bidentate ligands favor chelation.  
 
Figure 20. TiCl4-carbonyl complexes. 
Titanium (IV) in catalysis. Similar to Fe(III), titanium is widely utilized in organic 
synthesis111,112 due to its relatively low cost and low toxicity.5 This section will primarily focus 
on TiCl4 and its employment in carbonyl-activated reactions. Danishefsky and coworkers report 
a TiCl4-mediated hetero-Diels-Alder reaction utilizing Danishesfsky’s diene and report only a 
single isomer of the desired cyclized product (Figure 21A).113 They utilized this reactivity in the 
synthesis of the natural products epothilones A and B.114 Chapuis, Jurczak and coworkers 
utilized TiCl4 to mediate the Diels-Alder reaction of cyclopentadiene, where the attack only takes 
place on the re-face (Figure 21B).115 They later screened a variety of Lewis acids and found that 
TiCl4 was the best catalyst due to complete diastereofacial p-selection, even when this system 
was extended to other dienes.116  
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Figure 21. TiCl4-catalyzed hetero-Diels-Alder reaction (A), Diels-Alder reaction of 
cyclopentadiene (B), Diels-Alder reaction of acrylates and alkyl lactates (C), cross aldol addition 
(D), stereoselective aldol reaction (E), and one-pot coupling of dihydropyrans with isatin 
derivatives (F). Color code for 234: green = chlorine, light grey = titanium, red = oxygen, grey = 
carbon (hydrogens omitted for clarity).  
 
Helmchen and coworkers report a TiCl4-catalyzed Diels-Alder reaction between acrylates 
and alkyl lactates with cyclopentadiene (Figure 21C).117 Through X-ray crystallography they 
were able to ascertain that bidentate complex 234 is the active species in the reaction and 
shielding of the Re face of the ene part explains the observed diastereo-selectivity. The Tanabe 
group utilized TiCl4 to catalyze cross aldol additions between ketones and/or aldehydes (Figure 
21D).118 Further, the Gree and Das groups utilized TiCl4 in stereoselective aldol reactions 
employing acylsilanes (Figure 21E).119 Interestingly, Basavaiah and coworkers report a TiCl4-
catalyzed one-pot coupling of dihydropyrans with isatin derivatives to from spiro-oxindoles 
(Figure 21F).120   
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Zirconium (IV) Lewis Acids.  
 Zirconium Lewis acid-carbonyl complexes. The Tagliavini group performed ab initio 
and spectroscopic studies examine the structures of ZrCl4 complexed with formaldehyde.
121 The 
group considered 1:1 and 2:1 complexes between ZrCl4 and formaldehyde in their ab initio 
studies. They found only one optimized structure (245, Figure 22) during their geometry 
optimization. Alternatively, they found five different possible structures (Figure 22) with 
potential energy minima when 2:1 complexes were considered. The group coupled their ab initio 
studies with 13C NMR spectroscopic studies to characterize ZrCl4-dodecanal complexes of 
differing stoichiometries. They observe a drastic downfield shift (∆δ13C = 23.56 ppm) of the 
carbonyl peak when a 1:1 ZrCl4-dodecanal mixture is compared to noncomplexed dodecanal. 
Furthermore, when a 1:1.5 ZrCl4-dodecanal mixture is analyzed, they observe two carbonyl 
peaks at δ13C = 226.96 ppm, which is consistent with their observation of the 1:1 ZrCl4-
dodecanal system) and at δ13C = 224.30 ppm. Taken together with their ab intio studies the 
group reports that a 1:1 aldehyde-ZrCl4
 complex (251) arises from one ZrCl4 unit and one 
aldehyde molecule. Interaction with an additional aldehyde molecule forms a 2:1 complex (252), 
which they correlate to the observed carbonyl peak δ13C = 224.30 ppm in their 13C NMR studies.  
Additionally, Cook reports a 2:1 coordination complex with a C=O stretch at 1496 cm-1 
when xanthone is added to ZrCl4
 (Figure 22).13 Allred and Thompson performed NMR and IR 
spectroscopic studies to elucidate the complex structures of Group IV tetrahalides when 
 combined with β-diketones. Interestingly, they report a 1:1 complex with vibrations at 1704 and  
1655 cm-1 when 3,3-dimethylacetylacetone was combined with ZrCl4 (Figure 22).
122  
 Importantly, Galeffi and coworkers studied the structures of complexes between ZrCl4 
and simple ketones via 1H NMR and IR spectroscopic studies.123 When acetone is added to ZrCl4 
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the observe C=O vibrations at 1660 cm-1 and 1635 cm-1, which they report as a 2:1 complex 
(255) that is in agreement with stoichiometry previously established via elemental analysis.95,124 
When the group extended their study to include pinacolone as the Lewis base, they observe 
vibrations at 1645 and 1625 cm-1, which is consistent with a 2:1 complex (256) and corroborated 
with elemental analysis. The report that the splitting of the carbonyl band indicates that the 2:1 
coordination compound prefers a cis orientation in the solid state. Importantly, the group 
obtained an X-ray crystal structure of the 2:1 pinacolone-ZrCl4 adduct, which indicates the 
coordination is nearly octahedral and the pinacolones are in cis geometry (Figure 22).123  
 
Figure 22. ZrCl4-carbonyl complexes. Color code for complex 256: green = chlorine, blue = 
zirconium, red = oxygen, grey = carbon (hydrogens omitted for clarity).  
 
 Zirconium (IV) in catalysis. Zr(IV) has become a more prevalent Lewis acid catalyst in 
organic synthesis and has a less established role than other commonly employed Lewis acids. 
ZrCl4 has also been utilized the catalyze Diels-Alder reactions. Specifically, the Kim group 
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utilized ZrCl4 to catalyze the cycloaddition of dienophiles with chiral auxiliaries. They found that 
when subjected to ZrCl4 endo-products were exclusively formed, analogous to their findings for 
SnCl4 (Figure 23A).
100,125 Similar to the reactivity reported for TiCl4, ZrCl4 was utilized by 
Akiyama and coworkers to mediate [3+2]-cycloadditions to -unsaturated ketones to afford 
cyclopentanols (Figure 23B).126  
 
Figure 23. ZrCl4-mediated Diels-Alder cyclization (A), [3+2]-cycloaddition (B), Friedel-Crafts 
acylation (C), aza-Morita-Baylis-Hilman reaction (D), Michael addition (E), and tandem Claisen 
condensation/Claisen-aldol (F). 
 
Additionally, the Guchhait group report a ZrCl4-catalyzed regioselective and 
chemoselective Friedel-Crafts acylation of indole (Figure 23C).127 Shi and coworkers performed 
a ZrCl4-mediated aza- Morita-Baylis-Hillman reactions in excellent yields (Figure 23D). They 
propose the success of this reaction lies with the ability of the nitrogen atom to coordinate to the 
Zr-center more effectively than a Ti-center due its slightly softer Lewis acidity.128 The Kumar 
lab examined ZrCl4-catalyzed Michael additions of heterocyclic enamines  with −unsaturated  
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olefins (Figure 23E).129 Interestingly, the Tanabe utilized ZrCl4 to promote Claisen condensation 
and Claisen-aldol tandem reactions of -dialkylated esters (Figure 23F).130
27 
CHAPTER 2 
CHARACTERIZING LEWIS PAIRS USING TITRATION COUPLED WITH IN SITU 
INFRARED SPECTROSCOPY 
Introduction 
This chapter is adapted from a previously published manuscript in the Journal of Visualized 
Experiments.131 The utilization of Lewis acids to activate substrates containing carbonyls is 
ubiquitous in organic synthetic methods.24,132–134 The study of these interactions has relied on 
solid state X-ray crystallography, as well as in situ NMR spectroscopy.133 Limitations of these 
techniques manifest from artifacts that arise from crystallization or the inability to probe 
paramagnetic Lewis acids via NMR analysis. To overcome these issues, chemists have employed 
infrared (IR) spectroscopy to determine the exact structure of Lewis pairs. Further, IR has been 
utilized to determine Lewis acidity.134–139 The Susz lab studied the solid-state interactions of 
Lewis acids and carbonyls in the stoichiometric regime. Utilizing IR in conjunction with 
elemental analysis, the Susz group was able to elucidate the structures of neat, 1:1 mixtures of 
Lewis pairs. This analysis provided a great deal of insight into structural ramifications of the 
interactions of simple carbonyl compounds with commonly utilized Lewis acids in the solid 
state, and of particular interest to our lab: FeCl3.
8,9 We posited that we could add to the existing 
understanding of the interactions of these important Lewis pairs via real-time infrared 
spectroscopy (React IR) that examines synthetically relevant conditions. Importantly, React IR 
enables chemists to perform real-time measurements of functional group conversions in situ.
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These data supply key insights into reaction rates to support hypotheses about the operating 
mechanisms of a process. Real-time observations allow chemists to directly track the 
interconversion of reaction components over the course of the reaction, and the information 
gleaned can be employed by the synthetic chemist in the development of new compounds and 
the optimization of synthetic routes and new chemical processes. 
Employing React IR spectroscopy as a detection method, we probed the substrates and 
intermediates that participate in the catalytic cycle of metal-mediated carbonyl-olefin 
metathesis.140 The Fe(III)-catalyzed carbonyl-olefin metathesis process, developed by the 
Schindler lab, exemplifies a powerful method for the production of C=C bonds from functional 
groups utilized ubiquitously in the construction of complex molecules.141–143 Since the original 
report, this process has inspired a plethora of synthetic developments beyond the utilization of 
Fe(III).91,144–152 Importantly, this reaction requires that the Lewis acid catalyst differentiate 
between a substrate carbonyl and a product carbonyl for successful reactivity. To observe this 
competitive interaction under synthetically relevant conditions, we combined titration with the 
continuous observation provided by React IR. We believe this method is of general importance 
to chemists studying carbonyl-centered reactions catalyzed by Lewis acids. This detailed 
demonstration aims to help chemists apply this technique to their system of study. 
Protocol 
Open-air reference spectrum. 
Open the data acquisition software. Click Instrument. Under the Configure tab, click 
Collect Background. Click Continue. Set scans to 256 and click OK to collect a background. 
(Note: Make sure the probe is in the same position in which data collection will take place. 





Figure 24. Visual guide to system setup. Necessary components for performing the titration (A). 
Assembled components prior to attachment to React IR (B). Flask with Ar and ready for solvent 
addition (C). Flask attached to React IR with solvent (D). Flask under temperature control (E). 
Ready for addition of analyte (F). 
Solvent reference spectrum. 
In the React IR software, click File, click New, click Quick Start. Set Duration to 15 min 
and Sample Interval to 15 s. Click Create to create experiment.  (Note: At this point, the chemical 
system must be attached to the React IR probe to proceed. The following steps are for the 
preparation of the chemical system to be studied.) Under inert atmosphere, add Lewis acid to a 
flame-dried 25 mL 2-neck round bottom flask charged with a stir bar (Figure 24B). Seal the flask 
with rubber septa and attach an Ar-filled balloon to the flask. Add desired volume of anhydrous 
solvent via syringe (minimum 3 mL) (Figure 24C). (Note: FeCl3 is not soluble in 1,2 
dichloroethane (DCE). GaCl3 is soluble in DCE.) Remove one septum and attach the flask to the 
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React IR probe (Figure 24D). Place the flask in a temperature-controlled bath set to the desired 
temperature (Figure 24E).  Start the experiment in the data acquisition software by clicking the 
▷ button to begin collecting data. After 2 minutes, stop collecting data by clicking the  button. 
Titration software setup. 
Creating new titration experiment. In the React IR software, click File, New, Quick 
Start. Set Duration to 8 h and Sample Interval to 15 s. (Note: The data acquisition has the ability 
to set experiment duration between 15 min and 2 d and sample interval between 15 s and 1 h.)  
Click Create to create experiment. In the data acquisition software, go to Spectra tab and click 
Add Spectra. Click From File and open appropriate solvent reference spectrum obtained in the 
previous step. Check the box with the time signature. Click OK.  Start experiment in the data 
acquisition software by clicking the ▷ button to begin collecting data. Click Solvent Subtraction 
and select appropriate reference spectrum added in previous step. Stir for 15 min to reach 
temperature. Use the React IR probe to determine temperature.  
Titration procedure. 
 
Figure 25. Analyte signal response in the data acquisition interface at 1636 cm-1 for titration of 2 
mmol FeCl3 in 12 mL of DCE with 1. The spectrum is collected when the system is at equilibrium, 
after analyte addition.  
 
Add 10 µL of carbonyl analyte (acetone, 1) via syringe (Figure 24F). Observe signal 
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response on the data acquisition (Figure 25). System will shift from equilibrium and change with 
time. When the IR signal stabilizes and remains constant, collect IR spectrum. (Note: The data 
acquisition collects spectra at a set frequency. Data in our lab are collected every 15 s. We note 
the time at which the system reaches equilibrium and use the spectrum collected at that time for  
analysis.) Repeat incremental addition of carbonyl until the desired amount is added.  
Analysis of IR spectra. 
Export data for the data acquisition software. Click File, Export, Multi-spectrum file. 
Under Format, select CSV and under Data, select Raw. Click Export to export the IR data to a 
spreadsheet or mathematical processing software. Plot the desired region of the IR spectrum, as 
shown in Figure 26A and Figure 26D. Examine the spectrum for transitions and/or isosbestic 
points. Separate the spectra by progression, as shown in Figures 26B and Figure 26C for GaCl3 
and Figure 26E and Figure 26F for FeCl3. 
 
Figure 26. Analysis of IR spectra. Spectra collected for the titrations GaCl3 with 0-4 equiv 1 (A) 
and FeCl3 with 0-4 equiv 1 (D). Breakdown of titration of GaCl3 with 0-1 equiv 1 showing the 
formation of 2 (B) and with 1-4 equiv 1 showing the presence of 1 (C). Breakdown of titration of 








































































































































































Figure 27. Extraction of max data from IR for Component Analysis. Spectra collected for the 
titrations GaCl3 with 0-4 equiv 1 with the max for 1 and 2 indicated (A) and FeCl3 with 0-4 equiv 
1 with the max for 1 and 3 indicated (D). Table showing representative data normalized to account 
for dilution for GaCl3 (B) and for FeCl3 (E). Data from (B) plotted for component analysis of 
titration of GaCl3 with 1 (C) and for component analysis of titration of FeCl3 with 1 (F).  
 
Identify max of each species of interest, as shown in Figure 27A for GaCl3 and 1 and 
Figure 27D for FeCl3 and 1, to generate a table of absorbance vs. equivalent of analyte added, as 
shown in Figure 27B for GaCl3 and Figure 27E for FeCl3. To account for dilution, multiply the 



































































































































absorbance by the total volume of the solution for each spectrum, as shown in Figure 27B for 
GaCl3 and Figure 27E for FeCl3. Plot the product of absorbance*volume as a function of 
equivalents of analyte, as shown in Figure 27C for GaCl3 and Figure 27F for FeCl3. 
 
Figure 28. Consumption analysis of titration of FeCl3 with 1. Segment of IR data used to generate 
a Beer-Lambert relationship for [3] and the segment of IR data used to determine the consumption 
of 3 (A). Moles of each 1-containing species measured from IR (B). Plot of moles of 1 not detected 
vs. moles of 3 consumed (C).
Analysis of consumption of species. For in situ-generated species that can be identified, 
plot a Beer-Lambert relationship, as shown in Figure 28A. For known species, measure the 
impact of concentration on Absorbance at the desired max and plot a Beer-Lambert relationship. 
Using the two Beer-Lambert relationships, determine the observed in situ amounts of the species 
of interest, as shown in Figure 28B. (Note: CMAX = 2 mmol as defined by the amount of FeCl3 
present. CADD is the moles of 1 added. CCOORD is the moles of FeCl3-acetone complex (3). COBS 
is the moles of unbound 1. CND is the moles of 1 not detected. CMAX – CCOORD is the moles of 3 
that have been consumed.) Plot CND vs. (CMAX – CCOORD) to determine if there is a correlation, as 































































shown in Figure 28C. (Note: The slope of this line will be in moles of species 1 per moles of m 
species 3.) 
Representative Results 
In this study, React IR-monitored titration was used to observe the interactions of 1 and GaCl3 as 
well as 1 and FeCl3 (Figure 29).
140 Using this collection of protocols, we were able to determine 
that GaCl3 and 1 form 1:1 complex 2 in solution, regardless of the amount of 1 added. 
Alternatively, when FeCl3 and 1 are combined, more complex behavior is observed, as show in 
Figure 26F.  When 0-1 equiv 1 is added to a FeCl3 slurry, we observe exclusive formation of 1:1 
complex 3 in solution. However, beyond 1 equiv 1 added, we observe consumption of 3 and 
formation of an alternative species. When component analysis (Figure 27F) and consumption  
analysis (Figure 28C) are performed on this system, the results are consistent with species 4 
forming in solution. 
 
Figure 29. Lewis acid/base equilibria probed in this study. Titrations of GaCl3 with 1 to form 2 




Under anhydrous conditions, Lewis acids can have a range of solubilities. The two examples we 
have presented are GaCl3 and FeCl3 in DCE. GaCl3 is homogeneous at the onset of the titration, 
while FeCl3 is largely insoluble. Beginning with the homogeneous solution of GaCl3, we 
completed a titration from 0-4 equiv 1 in 10 L increments and extracted the IR spectra (Figure 
26A). Examination of the transitions that occur over the course of the titrations shows a 
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formation of a single species in the carbonyl region at 1630 cm-1, which grows from 0-1 equiv 1 
(Figure 26B).153,154 When greater than 1 equiv 1 is added to the solution, no change in the peak at  
1630 cm-1 occurs and unbound 1 is observed at 1714 cm-1 (Figure 26C). These results are 
consistent with the formation of 2. When the same titration is performed with FeCl3 (Figure 
26D), a peak at 1636 cm-1 forms from 0-1 equiv 1, which is consistent with the formation of 3 
(Figure 26E). Importantly, the mixture becomes homogenous once 1 equiv 1 is achieved. When 
the titration proceeds beyond 1 equiv 1, unbound 1 is observed at 1714 cm-1, 3 decreases in 
intensity, an isosbestic point resolves at 1648 cm-1, and a new peak at 1663 cm-1 forms.  
Using the titration IR data, the equivalents of analyte used can be employed to perform 
Component Analysis of the solution interactions (Figure 27). To account for dilution, we can 
employ a normalization with respect to volume of the Beer-Lambert equation (eq. 1):  
𝐴𝑉 = 𝜀𝑙𝑛   (1) 
where 1) both absorbance (A) and volume (V) are measurable terms; 2) molar absorptivity () 
and pathlength (l) are constant, allowing 3) number of moles (n) to be examined. The normalized 
absorbance can easily be computed in a spreadsheet (Figure 27B and Figure 27E), and then this 
term can be plotted against equivalents of analyte. In Figure 27C, we can see that the signal for 2 
increases linearly with respect to 1 until 1 equiv, at which point the signal for 1 increases linearly 
and 2 is unchanged. In Figure 27F, we see a similar linear increase in the signal of 3 to 1 equiv 1, 
followed by the presence of 1 beyond 1 equiv added. However, we also observe a linear decrease 
in the intensity of 3, and we observe less 1 than we should, assuming similar behavior to GaCl3.  
 Yet more information is available from the IR data for the titration of FeCl3 with 1. The  
maximum amount of 3 that can form is defined by the amount of FeCl3 added (CMAX = 2 mmol 
FeCl3 in the example titration). We know the amount of 1 we add to the flask (CADD), and we can 
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measure the amount of unbound 1 we observe at 1714 cm-1 (COBS) and the amount of 3 we 
observe at 1636 cm-1 (CCOORD) using Beer-Lambert relationships. Lastly, we know we cannot  
account for all of the 1 added to the flask as free 1 or 3, indicating that some 1 is not detected 
(CND). We can combine these terms for 1 in the following mass balance (eq. 2): 
CADD = COBS + CCOORD + CND    (2) 
We can use the titration data to calculate the values of these terms in each IR spectrum generated 
during the titration (Figure 28B). With these values, we can plot the amount of 1 missing (CND) 
as a function of the amount 3 consumed (CMAX-CCOORD) to determine if there is a correlation 
(Figure 28C). This correlation is consistent with 3 equiv 1 consuming 1 equiv 3, which may form 
a complex similar to 4. We have obtained further support for this number of attached ketones via 
examination of solution conductivity, which is consistent with one or more of the chlorides being 
displaced to the outer sphere of Fe(III), and X-ray crystallography of an analogous structure with 
benzaldehyde.140 However, it is likely that there is a mixture of different types of highly-ligated 
structures that are formed in solution, as is indicated by our non-whole number slopes in our 
consumption analysis in Figure 28, and the crystal structure we observe may simply be the one 
complex that precipitates. 
 In conclusion, the utilization of React IR spectroscopy to monitor the titration of Lewis 
acids with carbonyl compounds allows chemists to gain insight into Lewis acid/base solution 
interactions under synthetically relevant conditions. Not only can this technique be employed to 
identify discrete structures, but it can be employed to observe the transition of one discrete 
species into another, as well. Findings from this method have been utilized to propose the 
mechanism of other metathesis reactions.155 We are currently using data gathered via this method 
to facilitate the reactivity of recalcitrant substrates in carbonyl-olefin metathesis, as well as to 
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develop new forms of metathesis reactions. Lastly, the competitive interactions between 
substrate carbonyls and product carbonyls likely impact other Lewis acid-catalyzed reactions. 




INVESTIGATION OF LEWIS ACID-CARBONYL SOLUTION INTERACTIONS VIA 
INFRARED-MONITORED TITRATION 
Introduction 
This chapter is adapted from a previously published manuscript in The Journal of Organic 
Chemistry.156 Since Lewis termed the acid as a “substance…which can employ a lone pair from 
another molecule,”157 synthetic chemists have used this defining property to modify electron 
density of carbonyls to facilitate organic reactions.24,133,134,158,159 Specifically, Lewis acids have 
been employed to catalyze Diels-Alder reactions,160 aldol reactions,3,161,162 ene reactions,163,164  
photochemical reactions,165,166 and more recently to catalyze carbonyl-olefin metathesis.142,143 
Because of these diverse applications, a multitude of efforts has been devoted to characterizing 
the interactions of Lewis acids and bases, historically relying on solid state infrared 
spectroscopy,134–139 X-ray crystallography,93,97 as well as in situ NMR.94,134–136,167,168  While these 
techniques have provided foundational insights into their behavior under stoichiometric 
conditions, more discoveries continue to be made about the complexities of the interactions 
between carbonyls and Lewis acids in catalytic systems. Of particular interest to our lab are the 
interactions that facilitate Fe(III)-catalyzed carbonyl-olefin metathesis. This process developed 
by the Schindler lab91 has incited a plethora of synthetic developments with Lewis acids, 
expanding the reactivity facilitated by Fe(III),144–147,149,169 employing the properties of 
Ga(III),148,155 as well as BF3•OEt2,
170 montmorillonite, and I2.
151 Our previous efforts showed  
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both the unexpected complexities of and the differences between the solution behavior of Fe(III) 
and Ga(III) (Figure 30).140 The Lewis acid-dependent behavior observed for FeCl3 and GaCl3 
when combined with simple carbonyl compounds in solution has significant ramifications on 
catalyst behavior in carbonyl-olefin metathesis. Therefore, it is necessary to determine if these 
complex interactions are generally relevant to carbonyl-focused reactions catalyzed by metal 
halide Lewis acids. With this fundamental understanding of how the carbonyl specifically 
interacts with Lewis acids in solution, synthetic chemists will possess the mechanistic 
information crucial for developing efficient catalysts and high yielding procedures.  
 
Figure 30. Solution behavior of GaCl3 and FeCl3 in the presence of benzaldehyde.
 
In order to define the equilibria shown in Figure 7, we employed two observational 
techniques: 1) in situ infrared spectroscopy and 2) solution conductivity.131 With these detection 
methods, we performed titrations into DCE containing Lewis acid as either a homogeneous 
solution (GaCl3) or a heterogeneous slurry (FeCl3). These data allowed us to determine that 
GaCl3 and simple carbonyls like benzaldehyde produce high affinity Lewis pairs; whereas, FeCl3 
forms a Lewis pair under stoichiometric conditions, but forms more highly ligated complexes in 
the presence of superstoichiometric carbonyl. Herein, we report the solution behavior of a range 
of simple Lewis acids with simple carbonyl compounds in the hopes that chemists can use these 
in situ observations to assist in reaction design and development. The application of these 































AgOTf, I2, and CeCl3), form classic Lewis pairs (BF3, BCl3, InCl3, and GaCl3), form 2:1 
coordination complexes (TiCl4 and SnCl4), or showcase concentration dependent complexes 
(ZrCl4, FeCl3, and AlCl3). 
Results and Discussion 
Our efforts began with the examination of the solution interactions of various metal 
(pseudo)halide Lewis acids (ZnCl2, AgOTf, I2, CeCl3, GaCl3, FeCl3, InCl3, AlCl3, BCl3, 
BF3·OEt2, ZrCl4, TiCl4, and SnCl4) with simple carbonyls: acetone (1), acetophenone (2), 
benzaldehyde (3), and ethyl acetate (4). We created solutions/slurries of each Lewis acid in DCE, 
to which carbonyl was titrated incrementally. The equilibrium interactions were observed via 
real-time infrared spectroscopy (React IR) and through solution conductivity measurements.  
ZnCl2, AgOTf, I2,  CeCl3. 
Beginning with relatively weak Lewis acids, we employed ZnCl2, AgOTf, I2, and CeCl3. 
We prepared a heterogeneous mixture of ZnCl2 in anhydrous DCE. Upon titration of this slurry 
with 1, we only observe the presence of unbound 1 in solution (0-2 equiv 1 added with respect to 
ZnCl2).
  When we performed a similar titration on a slurry of AgOTf in DCE, we observed 
analogous behavior, where only unbound 1 is observable between 0-2 equiv 1. Addition of 1 to an 
I2 solution in DCE displayed only unbound 1. When we probed the interaction between 1 and a 
CeCl3 slurry, we again only observe unbound 1 between 0-2 equiv 1 added.  Importantly, for the 
three heterogeneous Lewis acids in DCE, the systems remained as slurries throughout the entirety 
of the titration. These observations of negligible complexation are consistent with Lewis 
acid/carbonyl pairing being endergonic of the conditions examined in these titrations. The 
identification of the ground state of the system being located prior to complexation is important  
when performing computational transition state analysis, as well as when designing a  
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transformation that requires a high affinity Lewis acid/base interaction.  
BCl3, BF3, & InCl3. 
 
Figure 31. Solution IR data for BCl3 (1 mmol in 6 mL 1:5 DCM/DCE) with 0-1 equiv 2 (A), 0-1 
equiv 4 (B), 0-1 equiv 3 (C) as well as >1 equiv 3 (D). Titrations proceed from red to violet. [2] = 
0 M, 0.021 M, 0.043 M, 0.064 M, and 0.085 M (A), [4] =  0 M, 0.017 M, 0.034 M, 0.051 M, 0.068 
M, and 0.085 M (B),  [3] = 0 M, 0.033 M, 0.065 M, 0.097 M, 0.129 M, 0.177 M (C). [3] = 0.177 
M, 0.255 M, 0.332 M, 0.422 M, 0.482 M, and 0.628 M (D).  
 
 We next prepared a solution of BCl3
 in anhydrous DCE to which carbonyl was titrated  
incrementally.1 When we added 1 to the salt solution, we initially observe a signal at 1608 cm-1; 
however, once 0.25 equiv 1 is added, the signal intensity diminishes back to baseline with only 
free 1 observed. The temporary signal at 1608 cm-1 never reasserts, and no other signals appear 
in the carbonyl-region of the spectrum for the duration of the titration. Alternatively, when 2 is 
the titrant, we observe formation of a species with vibrations at 1563 and 1581 cm-1 (Figure 
31A).20, 2 These signals reach a maximum at 1 equiv 2 added; however, the solution forms a  
precipitate after 1 equiv 2 is achieved, so no further observations were collected. These 
 
1 BCl3 is commercially available as a 1 M solution in DCM and was diluted to titration concentration in DCE. 
2 The IR spectrum of BCl3 features strong signals at 1428 and 1450 cm-1 that are present regardless of amount of 
carbonyl added, making observation of subtle features difficult. This part of the spectrum has been omitted for 





































































































vibrations are likely a result of the formation of 5.  
When an analogous titration is performed with 3, we observe exclusive formation of a 
species with vibrations at 1563 and 1589 cm-1 (Figure 31B). These signals continue to grow in 
intensity until 1 equiv 3 is present. These vibrations are likely a result of the formation of 6. 
Beyond 1 equiv 3, we observe the signals at 1563 and 1589 cm-1 decrease in intensity 
concomitant with the continual growth of free 3 at 1704 cm-1 (Figure 31C). The solution remains 
homogenous throughout the titration. Interestingly, when an analogous titration is performed 
with 4, we observe exclusive formation of a species with a vibration at 1573 cm-1 (Figure 31D), 
consistent with reports by Lappert7 of coordination complex 7, that reaches a maximum intensity 
at 1 equiv 4 added. Beyond 1 equiv 4 added, we observe the signal at 1573 cm-1 stagnate in 
intensity accompanied with the growth of free 4.  
 
Figure 32. Solution IR data for BF3·OEt2 (2 mmol in 12 mL DCE) with 0-3 equiv 1 (A), 2 (B), 3 
(C) and 4 (D). Titrations proceed from red to violet. Data observed at >3 equiv omitted for clarity. 
[1] = 0 M, 0.067 M, 0.134 M, 0.210 M, 0.319 M, and 0.499 M (A), [2] = 0 M, 0.071 M, 0.134 M, 
0.216 M, 0.310 M, and 0.467 M (B), [3] = 0 M, 0.073 M, 0.145 M, 0.232 M, 0.339 M, and 0.548 
M (C), [4] = 0 M, 0.068 M, 0.135 M, 0.217 M, 0.315 M, and 0.489 M (D). 
 
When 0-6 equiv 1 is titrated to a solution of BF3·OEt2 in DCE, we observe formation of a 
signal at 1643 cm-1 and the presence of unbound 1 at 1714 cm-1 (Figure 32A). Both signals grow 
for the duration of the experiment. When a similar titration is performed with 2, we observe 
signals at 1568 and 1596 cm-1 as well as unbound 2 at 1685 cm-1 (Figure 32B). Again, both 
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1599, and 1626 cm-1 as well as free 3 at 1704 cm-1 (Figure 32C), all of which increase 
continuously over the course of the titration. The addition of 4 results in the continuous 
formation of a vibration at 1620 cm-1 and unbound 4 at 1734 cm-1 (Figure 32D). Several of these 
observations are consistent with literature reports in the solid state. In Figure 32A, the signal at 
1643 cm-1 produced from the titration of BF3 with 1 is likely a result of the formation of 8, 
consistent with observations from the Susz8 and Seshadri labs.171 Similarly, they report 1:1 
complex 9 in the solid state when 2 is combined with BF3.
8,9,172 Because of these precedents 
combined with similar observations for the addition of 3 and 4 to BF3, the vibrations formed in 
Figures 32C and 32D are likely consistent with the formation of 1:1 coordination complexes 10 
and 11.  
 
Figure 33. Solution IR data for InCl3 (2 mmol in 12 mL DCE) with 0-5 equiv 1 (A), 0-3 equiv 2 
(B), and for InCl3 (1 mmol in 6 mL DCE) with 0-3 equiv 3 (C). Titrations proceed from red to 
violet. [1] = 0 M, 0.067 M, 0.134 M, 0.216 M, 0.308 M, 0.489 M, and 0.795 M (A), [2] = 0 M, 
0.071 M, 0.134 M, 0.216 M, 0.310 M, and 0.486 M (B), [3] = 0 M, 0.050 M, 0.145 M, 0.224 M, 
0.347 M, and 0.497 M (C). 
 
When the titration analysis is applied to InCl3 in DCE, we see analogous results.
32,173 
When 0-6 equiv 1 are added to the slurry, we observe formation of a species with a vibration at 
1673 cm-1 as well as unbound 1 at 1714 cm-1 (Figure 33A). When 2 is utilized as the titrant, the 
InCl3 system yields vibrations at 1573, 1596, and 1637 cm
-1 as well as unbound 2 at 1685 cm-1 
(Figure 33B). Titration of InCl3 with 3 provides signals at 1581, 1596, and 1638 cm
-1 as well as 










































































additional data were collected. Interestingly, InCl3 increases in homogeneity as increasing 
amounts of 1, 2, and 3 are added to the slurry. However, these mixtures never reach complete 
homogeneity. Conductance measurements show no change in solution conductivity over the 
course of the titration. Lappert and coworkers reported a neat 1:1 coordination complex between 
4 and InCl3, which may be the identity of the precipitate we observe in this system.
7 Further, if  
the analogous behavior we observed for BF3 holds, then we are likely forming 1:1 coordination 
complexes 12, 13, and 14 in Figures 33A, 33B, and 33C. 
GaCl3. 
 GaCl3 is highly soluble in DCE, and titrations were able to be performed into a 
homogeneous mixture.174,175 When 1 is added to the GaCl3 solution from 0-1 equiv, we observe 
exclusive formation of a signal at 1630 cm-1 (Figure 34A) and we observe no unbound 1. When a 
similar titration was performed with 2, we observe an exclusive species with vibrations at 1563, 
1588, and 1603 cm-1 (Figure 34B). Once again, we observe no unbound carbonyl between 0-1 
equiv 2 added. When 3 is the titrant, we observe a single species with absorbances at 1573, 1596, 
and 1610 cm-1 and no unbound 3 is present (Figure 34C). Lastly, a titration utilizing 4 as the 
titrant yields no free 4, but rather formation of a single species at 1602 cm-1 (Figure 34D). When 
titrations were extended beyond 1 equiv for 1, 2, 3, and 4, the only change to the spectra is the 
addition of unbound carbonyl. Importantly, no other increases or decreases in signal intensities 
are present. Conductance measurements show no change in solution conductivity over the course 





Figure 34. Solution IR data for GaCl3 (1 mmol in 6 mL DCE) with 0-1 equiv 1 (A), 2 (B), 3 (C),
16 
4 (D). Titrations proceed from red to violet. [1] = 0 M, 0.023 M, 0.045 M, 0.067 M, 0.112 M, 
0.156 M (A), [2] = 0 M, 0.029 M, 0.057 M, 0.085 M, 0.113 M, 0.155 M (B), [3] = 0 M, 0.049 M, 
0.081 M, 0.097 M, 0.129 M, 0.160 M (C), [4] = 0 M, 0.018 M, 0.034 M, 0.051 M, 0.068 M, and 
0.168 M (D).  
 
We next examined the amounts of each component present in solution with respect to the 
equivalents of carbonyl added. We accounted for the dilution factor caused by titration by 
normalizing the absorbance value of the λmax of each component by the volume of the solution 
when the spectrum was collected.131 When we consider the addition of 1 to GaCl3, we observe a 
linear increase in the signal for the initial species (15) between 0-1 equiv 1 added; however, once 
1 equiv 1 is present, there is negligible change in 15 (Figure 35A).  Concomitant with the  
cessation of signal change for 15, we observe growth of unbound 1. We observe analogous 
behavior when 2 (Figure 35B), 3 (Figure 35C), and 4 are added to GaCl3 (Figure 35D). These  
observations of the signals reaching a maximum at 1 equiv simultaneous with the observation of 
free carbonyl beyond 1 equiv are consistent with 1:1 coordination complexes forming. Further, 
our observation of 1:1 coordination complex 18 is consistent with the report by Lappert and 
coworkers.7 The similar behavior we observed for 1, 2, and 3 is consistent with 1:1 coordination 
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Figure 35. Analysis of components: 1 and 15 (A), 2 and 16 (B), 3 and 17 (C),37 as well as 4 and 
18 (D). 
 
TiCl4  SnCl4.  
Like GaCl3, TiCl4 is highly soluble in DCE, and titrations were able to be performed into 
a homogeneous mixture. When 0-1.5 equiv 1 is added to a TiCl4 solution, we observe formation 
of an exclusive vibration at 1665 cm-1 (Figure 36A). At about 1.5 equiv of added 1, we begin to 
observe unbound 1 in solution at 1714 cm-1. At 2 equiv 1, we observe the signal at 1665 cm-1 
stop increasing and observe the signal intensity of unbound 1 grow. When 2 or 3 are the titrant, 
we observe a precipitate form before 1 equiv of either is present. When 0-2 equiv 4 is titrated, we 
observe formation of a species at 1626 cm-1 with a small shoulder at 1659 cm-1 that becomes 
detectable at 1.3 equiv 4 added (Figure 36B). Importantly, no unbound 4 is observed between 0-2 
equiv. Beyond 2 equiv 4 added, we see the signal at 1626 cm-1 stop increasing, and we observe 
unbound 4. Conductance measurements show no change in solution conductivity over the course 
of the titration.  
 
Figure 36. Solution IR data for TiCl4 (2 mmol in 12 mL DCE) with 0-1.5 equiv 1 (A) and 0-2 
equiv 4 (B). Titrations proceed from red to violet. [1] = 0 M, 0.045 M, 0.090 M, 0.134 M, 0.178 
M, and 0.222 M (A), [4] = 0 M, 0.034 M, 0.067 M, 0.134 M, 0.217 M, and 0.331 M (B).  
 




















































































































































































When we consider the amounts of each component present in solution with respect to the 
equivalents of carbonyl added, specifically for the addition of 1 to TiCl4, we observe that 19 
increases between 0-1.6 equiv 1 added; however, once 1.6 equiv 1 is present, there is negligible 
increase in 19 (Figure 37A). Simultaneously, we observe proportional growth of unbound 1 
beyond 1 equiv 1 added. We observe analogous behavior when 4 is added to TiCl4, with an 
increase in 20 between 0-2 equiv 4 added (Figure 37B). Once again, when >2 equiv 4 is 
achieved, we observe negligible change in 20 with concomitant growth of free 4. 
 The Susz group reported a 1:1 complex between 1 and TiCl4.
109,176 Their observations are 
consistent with ours between 1 and TiCl4 (Figures 37A); however, if we take into account our 
component analysis, this signal reaches a maximum at approximately 2 equiv 1 added 
concomitant with rapid increase in free 1. These data suggest that a 2:1 coordination complex 
(19) forms between 1 and TiCl4. When we consider titration of 4 to TiCl4, the observations are 
more straightforward. We only observe unbound 4 once 2 equiv is added to a solution of TiCl4, 
suggesting that 2 equiv 4 is necessary to ligate 1 equiv TiCl4. These types of higher order 









Figure 37. Analysis of components: 1 and 19 (A) as well as 4 and 20 (B).  
As with GaCl3 and TiCl4, SnCl4 is highly soluble in DCE, and titrations were able to be 































































performed into a homogeneous mixture. When 0-3 equiv 1 is titrated to a solution of SnCl4, we 
observe formation of a signal at 1659 cm-1 as well as unbound 1 (Figure 38A). Both signals 
continue to grow in intensity until approximately 2.6 equiv added 1. At this point in the titration, 
the signal at 1659 cm-1 ceases to increase significantly; whereas, the signal for 1 continues to 
increase. When similar titrations were performed with 2 and 3, we observe formation of a 
precipitate before 1 equiv of either titrant is reached; therefore, solution IR could not be carried 
out on these systems. With 4 as the titrant, we observe formation of a vibration at 1629 cm-1 as 
well as trace amounts of unbound 4 between 0-2 equiv 4 added (Figure 38B). Beyond 2 equiv 4  
added, we still observe the signal at 1629 cm-1 increase until 3.2 equiv 4 is added. Beyond 3.2 
equiv 4 added, we observe negligible change in the signal intensity at 1629 cm-1 accompanied 
with a marked increase in free 4. Conductance measurements show no change in solution 
conductivity over the course of the titration.  
 
Figure 38. Solution IR data for SnCl4 (2 mmol in 12 mL DCE) with 0-3 equiv 1 (A) and 0-2 equiv 
4 (B). Titrations proceed from red to violet. [1] = 0 M, 0.067 M, 0.134 M, 0.222 M, 0.330 M, 0.489 
M (A), [4] = 0 M, 0.026 M, 0.059 M, 0.093 M, 0.127 M, 0.160 M, and 0.315 M (B).  
 
Both the Susz and Denmark labs report 2:1 complexes between aromatic aldehydes and 
SnCl4.
97,178 Our observation of what appears to be 2:1 coordination complex 22 is consistent with 
these reports. With these precedents in mind, we next examined the amounts of each component 
present in solution with respect to the equivalents of carbonyl added. When we consider the 
addition of 1 to SnCl4, we observe the signal at 1659 cm






















































(Figure 39A). Beyond this amount of 1, we observe negligible increase in the signal at 1659 cm-1 
and simultaneously observe free 1 increase linearly. We observe analogous behavior with the 
addition of 4 to SnCl4 where we observe 22 increase until 3.2 equiv 4 is reached (Figure 39B). 
Beyond 3.2 equiv of added 4, we observe a linear increase in free 4 and negligible increase in 22. 
Because of the similarities between the data sets, it is likely that 1 also forms 2:1 coordination 
complex 22. However, when we consider our component analysis, we observe free 1 almost 
instantaneously. These data suggest that if coordination complex 22 is forming in solution, then 1 
has a lower binding affinity for SnCl4 than 4. The addition of >2 equiv carbonyl to SnCl4 would 
result in displacement of a chloride from the metal center.140 However, our conductance 
measurements show no change in solution conductivity, which is inconsistent with the addition 
of more than 2 molecules of carbonyl to the Lewis acid.  
 
Figure 39. Analysis of components: 1 and the signal at 1659 cm-1 (A), as well as 4 and 21 (B). 
ZrCl4. 
ZrCl4 is insoluble in DCE, so titrations were performed into a slurry.
180,181 Titration of 
ZrCl4 with 1 results in the formation of a species with a vibration at 1637 cm
-1 between 0-0.5 equiv 
1 added (Figure 40A). No unbound 1 is detectable. However, beyond 0.5 equiv 1, a new signal at 
1655 cm-1 grows in while the intensity of the peak at 1637 cm-1 decreases (Figure 40E). We also 
observe an isosbestic point at 1645 cm-1. The signal at 1655 cm-1 continues to increase in intensity 
until ~1.5 equiv 1 is present. Interestingly, free 1 is observed once 1.5 equiv 1 is added. The system 







































































never reaches homogeneity. When a similar titration is performed with 2, we initially observe 
signals at 1521 and 1585 cm-1 (Figure 40B); however, these signals shift to vibrations at 1551, 
1585, and 1607 cm-1 once 2 is added beyond 0.6 equiv (Figure 40F). These signals continue to 
grow in intensity until 1.5 equiv 2 is added. Beyond 1.5 equiv, we observe free 2 and no change in 
the initial peaks. Once again, homogeneity is never reached.  
 
Figure 40. Solution IR data for ZrCl4 (2 mmol in 12 mL DCE) with 0-0.5 equiv 3 (A), 4 (B), 5 (C), 
and 6 (D), as well as 0.6-1.2 equiv 1 (E), 2 (F), 3 (G), and 4 (H). Titrations proceed from red to 
violet. [1] = 0 M, 0.011 M, 0.022 M, and 0.34 M (A), [2] = 0 M, 0.007 M, 0.014 M, 0.021 M, and 
0.029 M (B), [3] = 0 M, 0.008 M, 0.016 M, 0.024 M, and 0.032 M (C), [4] = 0 M, 0.009 M, 0.026 
M, 0.034 M, and 0.043 M (D), [1] = 0.056 M, 0.067 M, 0.090 M, and 0.101 M (E), [2] = 0.043 M, 
0.050 M, 0.064 M, 0.071 M, and 0.085 M (F), [3] = 0.054 M, 0.082 M, 0.089 M, and 0.096 M (G), 
[4] = 0.059 M, 0.068 M, 0.076 M, 0.085 M, 0.093 M, and 0.101 M (H). 
 
When 3 is the titrant, we observe formation of a species with vibrations at 1573, 1596, and 
1614 cm-1 (Figure 40C). These signals continue to grow in intensity with the signal at 1614 cm-1 
broadening until 1.2 equiv 3 is achieved (Figure 40G). Beyond 1.5 equiv 3, we observe the signals 
at 1573, 1596, and 1614 cm-1 stop increasing, concomitant with the observation of free 3 at1704 
cm-1. The system never reaches homogeneity. When the titration analysis is performed with 4, we 
observe a signal at 1603 cm-1 (Figure 40D) that continues to grow until 0.5 equiv 4 added. Beyond 
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until 1.2 equiv 4 is present, and we observe an isosbestic point at 1600 cm-1 (Figure 40H).  Beyond 
1.5 equiv 4, we observe the signals at 1610 and 1640 cm-1 stagnate simultaneous with free 4 at 
1734 cm-1. Again, the slurry never transitions to a homogeneous system. The type of interactions 
we observe in Figure 40A, 40B, 40C, and 40D are similar to what we observed between 0-1 equiv 
carbonyl added to a GaCl3 solution, likely indicating the formation of 1:1 coordination complexes 
23, 24, 25, and 26. 
In Figure 36H, the signals at 1610 and 1640 cm-1 are consistent with 2:1 coordination 
coordination complex 30 (Figure 41) reported by Lappert.7 The analogous behavior with the 
systems that contain 1, 2, and 3 are likely consistent with these systems forming 2:1 coordination 
complexes 27, 28, and 29, respectively. The obvious difference between the behavior of these 
signals reaching a maximum at ~1.5 equiv and what we observe for the TiCl4 and SnCl4 systems 
is that the latter begins as a homogeneous solution. When conductance studies were performed 
on these systems, we observe a negligible change in conductivity. 
 
Figure 41. Proposed structures of ZrCl4 beyond 2 equiv carbonyl added. 
FeCl3  AlCl3. 
 We previously investigated the behavior of FeCl3 between 1, 2 and 3.
140 FeCl3 is 
insoluble in DCE, so titrations are performed into a slurry.83 For addition of 1 to the FeCl3 
mixture, we observe no unbound 1 at 1714 cm-1 between 0-1 equiv. In the carbonyl region of the 
spectrum, we observe formation of an exclusive species at 1633 cm-1 (Figure 42A). Importantly, 









































performed with 2 as the titrant, we observe signals at 1558, 1589, and 1603 cm-1 (Figure 42B). 
We observe a transition to homogeneity upon the addition of 1 equiv 2. A signal at 1685 cm-1 is 
notably absent, consistent with no unbound 2. When 3 is added to the FeCl3 slurry, it yields a 
species with vibrations at 1569, 1592, and 1610 cm-1, and no unbound 3 is detected at 1704 cm-1 
(Figure 42C). Once again, the mixture remains heterogeneous until 1 equiv 3 is added. When 4 is 
the titrant, no unbound 4 is observed at 1734 cm-1, and the titration initially yields exclusive 
formation of a signal at 1600 cm-1 (Figure 42D). The system becomes homogeneous in the 
presence of 1 equiv 4. Our observations for titrations of FeCl3 with 1 and 2 are consistent with 
the findings of the Susz lab where they showed formation of complexes 31 and 32 in the solid 
state.182 Because of the analogous behavior of the titrations with 3 and 4, complexes 33 and 34 
likely form when these carbonyls are added to FeCl3. 
 
Figure 42. Solution IR data for FeCl3 (2 mmol in 12 mL DCE) with 0-1 equiv 1 (A), 2 (B), 3 (C),
16 
4 (D), as well as >1 equiv 1 (E), 2 (F), 3 (G),16 and 4 (H). Titrations proceed from red to violet. [1] 
= 0 M, 0.034 M, 0.067 M, 0.101 M, 0.134 M, 0.178 M (A), [2] = 0 M, 0.021 M, 0.043 M, 0.071 
M, 0.113 M, 0.168 M (B), [3] = 0 M, 0.033 M, 0.057 M, 0.081 M, 0.105 M, 0.129 M, and 0.161 
M (C), [4] = 0 M, 0.034 M, 0.068 M, 0.101 M, 0.135 M, 0.168 M (D), [1] = 0.233 M, 0.265 M, 
0.319 M, 0.383 M, 0.447 M, 0.593 M (E), [2] = 0.182 M, 0.263 M, 0.330 M, 0.460 M, 0.523 M, 
0.586 M (F), [3] = 0.177 M, 0.224 M, 0.270 M, 0.316 M, 0.541 M, 0.824 M (G), [4] = 0.168 M, 
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More complex behavior occurs when these titrations proceed beyond 1 equiv added 
carbonyl. When 1 is added in excess of 1 equiv, we observe an isosbestic point at 1648 cm-1, 
resulting from a decrease in the signal at 1633 cm-1 while a new signal at 1663 cm-1 forms 
(Figure 42E). In addition to this transition, we also observe unbound 1 at 1714 cm-1. When 2 is 
added beyond 1 equiv, the vibration for 32 at 1558 cm-1 decreases as free 2 is observed at 1685 
cm-1 (Figure 42F). Further, the range between 1610 and 1670 cm-1 grows. We similarly observe 
an isosbestic point at 1566 cm-1. Superstoichiometric addition of 3 also results in the signal at 
1569 cm-1 decreasing, an isosbestic point at 1574 cm-1, as well as the growth of vibrations at 
1577 cm-1 and 1626 cm-1 (Figure 42G). Simultaneously, the intensity of the signal for unbound 3 
grows at 1704 cm-1. When superstoichiometric amounts of 4 are titrated, we observe an 
isosbestic point at 1618 cm-1 (Figure 42H). Similar to the other titrations, we observe the signal 
at 1600 cm-1 decrease in intensity, while the range between 1620 and 1700 cm-1 increases, all 
concomitant with the observation of free 4 at 1734 cm-1.  
When we perform a component analysis on the titrations of FeCl3 with the array of 
carbonyl compounds, we obtain the plots in Figure 43. The addition of 1 to FeCl3 yields an 
increase in 31 between 0-1 equiv 1 added (Figure 43A). Beyond 1 equiv 1, we observe 31 
decrease concomitant with a linear increase in free 1. We observe similar behavior for 32 and 2 
(Figure 43B), 33 and 3 (Figure 43C), as well as 34 and 4 (Figure 43D).  When we compare the 
values of carbonyl not detected (CND) with the difference between maximum complex (CMAX) 
and the observed complex (CCOORD), we observe a linear relationship for the systems containing 
FeCl3 (Figure 44).
131 The relationship between 1 and 31 suggests that 3-4 equiv 1 are required to 
consume 1 equiv 1:1 coordination complex 31 (Figure 44A), 3-4 equiv 2 consume 1 equiv 32  
(Figure 44B), approximately 3 equiv 3 are required to consume 1 equiv 33 (Figure 44C), and 
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approximately 4 equiv 4 are required to consume 1 equiv 34 (Figure 44D).  
 
Figure 43. Analysis of components: 1, theoretical 1 after 1 equiv, and 31 (A), as well as 2, 
theoretical 2 after 1 equiv, and 32 (B), as well as 3, theoretical 3 after 1 equiv, and 33 (C),16 as 
well as 4, theoretical 4 after 1 equiv, and 34 (D). 
 
We simultaneously examined the conductivity of these FeCl3-carbonyl systems using 
concentrations identical to our IR investigation. We began our conductivity studies with FeCl3 
and 1 and observe negligible conductivity between 0-1 equiv. At the equivalence point, we 
observe a conductivity of 96 µS cm-1. At 2 equiv 1, к increases to 733 µS cm-1, which continues 
up to 1244 µS cm-1 at 5 equiv 1. Similarly, when 2 is the titrant, we observe a к of 796 µS cm-1 at 
2 equiv 2, which increases to 1223 µS cm-1 at 5 equiv added 2. When 3 is utilized, we see 
negligible conductivity between 0-1 equiv 3 and then a rapid increase to 1247 µS cm-1 at 2 equiv 
3. When 4 is the titrant, we observe negligible conductivity between 0-1 equiv. Interestingly, we 
only observe a к of 373 µS cm-1 at 6 equiv 4.
 
 
Figure 44. Undetected carbonyl (CND) vs. consumed coordination complex (CMAX-CCOORD) for 1 
and 31,16 2 and 32, 3 and 33, 4 and 34. 
 
Like FeCl3, AlCl3 is insoluble in DCE, requiring carbonyl addition to a slurry. When our 
titration method is applied to AlCl3 with 0-1 equiv 1, we observe exclusive formation of a signal 
at 1640 cm-1 (Figure 45A). Similar titrations of the AlCl3 slurry with 2, 3, and 4 yield the 



























































































































following vibrations: 1560, 1588 and 1607 cm-1 for 2 (Figure 45B); 1568, 1596, and 1614 cm-1 
for 3 (Figure 45C); and 1610 cm-1 for 4 (Figure 45D). All four titrations share two key features: 
1) no unbound 1, 2, 3, or 4 is observed from 0-1 equiv added carbonyl, and 2) AlCl3 remains 
heterogeneous until 1 equiv carbonyl is present. Because of the analogous behavior observed in 
the titrations of AlCl3 with 1, 2, 3, and 4 to those of GaCl3 and FeCl3, the spectra are likely 
consistent with the formation of 35 (Figure 45A), 36 (Figure 45B), 37 (Figure 45C), and 38 
(Figure 45D). The Susz lab reported a 1:1 complex between 2 and AlCl3, consistent with our  
our observation of 36.182 
 
Figure 45. Solution IR data for AlCl3 (2 mmol in 12 mL DCE) with 0-1 equiv 1 (A), 2 (B), 3 (C), 
4 (D), as well as >1 equiv 1 (E), 2 (F), 3 (G), and 4 (H). Titrations proceed from red to violet. [1] 
= 0 M, 0.022 M, 0.045 M, 0.067 M, 0.090 M, 0.112 M, and 0.145 M (A), [2] =  0 M, 0.036 M, 
0.071 M, 0.106 M, 0.141 M, 0.175 M, and 0.196 M (B), [3] = 0 M, 0.043 M, 0.065 M, 0.089 M, 
0.113 M, 0.137 M, and 0.153 M (C), [4] = 0 M, 0.011 M, 0.017 M, 0.026 M, 0.034 M, 0.043 M 
(D), [1] = 0.244 M, 0.308 M, 0.356 M, 0.436 M, 0.592 M, and 0.894 M (E), [2] = 0.203 M, 0.284 
M, 0.396 M, 0.486 M, 0.611 M, and 0.672 M (F), [3] =0.255 M, 0.339 M, 0.415 M, 0.489 M, and 
0.635 M (G), [4] = 0.200 M, 0.250 M, 0.299 M, 0.410 M, 0.488 M, and 0.565 M (H). 
 
The similarity to the titrations of FeCl3 continues beyond 1 equiv added 1 and 3 with 
respect to AlCl3. When beyond 1 equiv 3 is added, we observe the signal at 1640 cm
-1 of 35  
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1 as well as unbound 1 at 1714 cm-1 (Figure 45E). When 3 is similarly titrated, we observe a 
decrease in intensity of the signal at 1568 cm-1 of 37, growth at 1628 cm-1, as well as free 3 at  
1704 cm-1 (Figure 45G). Unlike 1 and 3, the combination of carbonyls 2 and 4 with AlCl3 yields 
behavior analogous to GaCl3 (Figures 45F and 45H).  
Because of this seemingly analogous behavior with FeCl3 for AlCl3 when combined with 
1 and 3, as well as the similarity with GaCl3 for 2 and 4, we next examined the amounts of each 
component present in solution with respect to the equivalents of carbonyl added. When we 
consider the addition of 1 to AlCl3, we observe 35 increase between 0-1 equiv 1 added. Beyond 1 
equiv 1, we observe 35 decrease accompanied with an increase in free 1 (Figure 46A). We 
observe similar behavior for 37 and 3 (Figure 46C). In both of these cases, the free carbonyl we  
observe is less than the amount being added, beyond 1 equiv. Alternatively, when we consider 
the addition of 2 and 4 to AlCl3, we observe 36 and 38 increase from 0-1 equiv 2 (Figure 46B)  
and 4 (Figure 46D), respectively. Beyond 1 equiv 2 and 4, there is negligible decrease in 36 and 
38 with rapid subsequent increase in the signals for 2 and 4, consistent with the amount added. 
 
Figure 46. Analysis of components: 1, theoretical 1 after 1 equiv, and 35 (A), 2 and 36 (B), 3, 
theoretical 3 after 1 equiv, and 37 (C), as well as 4 and 38 (D). 
 
Because the behavior of 1 and 3 with AlCl3 is similar to FeCl3, we examined if there was 






















































































































a correlation between the undetected carbonyl and the consumed Lewis pair. Interestingly, when 
we compare the values of 1 and 3 not detected (CND) with those of 35 and 37 being consumed 
(CMAX-CCOORD), we observe disparate behavior (Figure 47).  
 
Figure 47. Undetected carbonyl (CND) vs. consumed coordination complex (CMAX-CCOORD) for 1 
and 35, 3 and 37. 
 
The linear relationship between 1 and 35 suggests that 2-3 equiv 1 are required to 
consume 1 equiv 1:1 coordination complex 35 (Figure 47A); whereas, the relationship between 3 
and 37 changes over the course of the titration (Figure 47B). At small amounts of 37 consumed 
(left side of plot), the slope is consistent with approximately 2-3 equiv 3 consuming 1 equiv 37. 
As more 37 is consumed (right side of plot), the slope decreases, suggesting less 3 is required to 
consume 37 (~1-2 equiv). Lastly, we examined the conductivity of the solutions that result from 
titration of the AlCl3 slurry with 1, 2, 3, and 4. Titrations with 2 and 4 do not display a change in 
solution conductance. The systems produced with 1 and 3, again, yield different results (Figure 
48). Titration of AlCl3 with 1 displays no change in conductivity. The 3-mediated titration 
displays negligible conductance from 0-1 equiv, but then rapidly increases in conductivity 
beyond 1 equiv to a maximum of 700 µS cm-1 at 2 equiv added 3. Interestingly, the conductivity 
decreases to less than 400 µS cm-1 at 4 equiv added 3, suggesting significant changes in solution 




Figure 48. AlCl3 solution conductance for titration with 1 and 3. 
If we consider the structural ramifications of the correlations in Figure 45 and Figure 47 
in concert with the conductance measurements, they provide insight into the solution behavior of 
FeCl3 and AlCl3 in the presence of carbonyls. When both FeCl3 and AlCl3 are exposed to a 
stoichiometric amount of carbonyl compound, the classical solution structures for Lewis-acid-
mediated systems form, comprised of one molecule of Lewis acid and one molecule of carbonyl 
compound (Figure 49). However, in the presence of a superstoichiometric amount of carbonyl, 
complexes can form via the addition of further equivalents of carbonyl compound to the metal 
center. As a result, some population of carbonyl-ligated complexes will exist in solution with 
varying degrees of coordination by the carbonyl (x).  When at least three additional equiv 
carbonyl are added to the 1:1 Lewis acid-carbonyl complex, structures will form where some 
number (y) of the chloride ligands are displaced to the outer sphere. Our data are consistent with 
the formation of solvent-separated ion pairs (x≥3 and y≥1, Figure 44) when FeCl3 is in the 
presence of 1, 2, 3, and 4. Further, we have reported a crystal structure for highly ligated 
complex 41 (Figure 50), where four molecules of 3 coordinate to the Fe(III) center.140  
 
Figure 49. Proposed solution behavior of FeCl3 and AlCl3 in the presence of 1, 2, 3, and 4. M = 
Fe(III) or Al(III). 






































































Due to this result, we analogously propose structure 39 for the addition of 1, 40 for the 
addition of 2, and 42 for the addition of 4 as likely forming in solution. However, the non-unity 
slopes observed in Figure 44 may be consistent with a distribution of complexes and 41 might 
simply be the structure that crystallized under forcing conditions. Lastly, our ground state 
observations of the systems disclosed are inconsistent with the superelectrophilic homo-dimers 
reported by Schindler, Sigman, and Zimmerman.149 When the system contains 2 equiv FeCl3 and  
1 equiv carbonyl, we only observe the formation of a 1:1 Lewis pair, in the presence of solid 
FeCl3. 
 
Figure 50. Proposed highly ligated complexes for FeCl3.  
 When we apply the same consideration to the systems containing AlCl3, our observations 
of negligible change in conductivity for addition of 1 are inconsistent with ion pair formation, 
suggesting a solution structure like 43 (Figure 51).  When this analysis is applied to the addition 
of 3 to AlCl3, the system displays a rapid increase in solution conductivity up to 2 equiv 3, 
consistent with a structure like 44, where the displacement of a chloride occurs. However, the 
decrease in slope in Figure 47B and the decrease in solution conductivity in Figure 48 suggest a 
change in solution behavior.    
 







































































If we consider the equilibria illustrated in Figure 52, our observations for AlCl3 and 3 
between 1-2 equiv are most consistent with the stoichiometry required for pathway A, where 3 
equiv 3 are required to consume 1 equiv 37. This pathway results in one ion pair for each equiv 
of 37. As the amount of 3 increases beyond 2 equiv, the dominant equilibrium may change to be 
most consistent with pathway B, where 2 equiv 3 are required to consume 2 equiv 37. This 
pathway results in one ion pair for two equiv 37, a decrease in the total number of ions. This type 
of ion pairing for Al/carbonyl interactions, which results in aluminate formation, was proposed 
by Evans for the interaction of an Al-centered Lewis acid with ,-unsaturated N-
acyloxazolidinones,183 observed by Castellino,184 and examined further by Houk and 
Gouverneur.185    
 
Figure 52. Proposed solution behavior of AlCl3 in the presence of 3.  
Observed trends. 
Across the series of interactions, we have observed, several trends resolve (Figure 53). 
For the weakest Lewis acids, ZnCl2, AgOTf, I2, and CeCl3, we observe no interaction in solution 
under the conditions probed. As Lewis acidity increases, we begin to see shifts in the C=O region 
for BCl3 (5-7), BF3•OEt2 (8-11), and InCl3 (12-14). Importantly, we see free carbonyl at all  





















































the coordination complex and the pair of molecules exist in equilibrium. Because of this weak  
interaction, we know a complex is forming, but cannot determine if more than one carbonyl is 
interacting with InCl3. 
We also observe a series of 1:1 coordination complexes with high affinity interactions.  
GaCl3 (15-18), FeCl3 (31-34), and AlCl3 (35-38) all form tightly bound complexes with no 
observable unbound carbonyl present from 0-1 equiv added carbonyl. However, the addition of 
superstoichiometric carbonyl relative to the Lewis acid yields disparate behavior. Ga-based 
complexes 15, 16, 17, and 18 along with Al-based complexes 36 and 38 remain unchanged at 
higher equivalents of added carbonyl. Alternatively, Fe-based complexes 31, 32, 33, and 34 as 
well as Al-based complexes 35 and 37 are converted to more highly ligated complexes at higher 
equivalents of added carbonyl. Our IR and conductance data are consistent with AlCl3 and 1, 
yielding a neutral complex like 43, when 1 is present in excess. When these two methods of 
observations are applied to the FeCl3 systems, the data are consistent with in situ formation of 
structures like 39, 40, 41, and 42. We have corroborated ionic complex 41 by X-ray 
crystallography.140 When AlCl3 is combined with 3 beyond 1 equiv, this interaction yields results 
consistent with formation of ionic complex 44. The observed stoichiometry (3 carbonyl per 1 
complex consumed) appears to be consistent with formation of a chloride anion for all five of 
these ionic complexes, but 44 appears to transition to an AlCl4
- counterion at higher loadings of 
3.  
The last category we observe are the dimeric complexes, consisting of carbonyls and 
TiCl4, SnCl4, and ZrCl4. TiCl4 (19 and 20) and SnCl4 (21 and 22) appear to proceed directly to 
2:1 complexes beginning at the onset of the titration. Alternatively, ZrCl4 appears to yield 1:1  
complexes when ZrCl4 is present in excess (23-26). The system then proceeds to form 2:1 
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complexes when an equivalent amount of carbonyl is present (27-30).  
 
Figure 53. Summary of Lewis acid-carbonyl solution interactions. a Between 0-0.5 equiv carbonyl 
added.b Between 0-1 equiv carbonyl added. c Highly ligated AlCl3 complexes not observed with 2 
and 4. 
 






































































































































































































































































The solution interactions of Lewis acids and simple carbonyl-containing compounds were  
investigated on the basis of spectroscopic and colligative experiments. Through the examination 
of concentration effects on the IR spectrum and solution conductivity, we were able to propose 
plausible ground state structures for these systems. Further, these data have given us insight into 
the wide range of reactivity observed for these Lewis acids in carbonyl-based reactions. We have 
examined Lewis acids that: 1) display no significant interaction in solution (ZnCl2, CeCl3, I2, and 
AgOTf), 2) display interactions consistent with classical Lewis pair behavior (BCl3, BF3•OEt2, 
InCl3, and GaCl3), 3) display interactions consistent with formation of 2:1 carbonyl/Lewis acid 
complexes (TiCl4 and SnCl4), and 4) display concentration-dependent interactions, beginning 
with Lewis pairs and transitioning to more highly ligated metals (ZrCl4, FeCl3, and AlCl3). 
Awareness of these divergences in coordination behavior is not only important for catalyst 
design and reaction development, but also for computational analysis of reaction intermediates 
and transition states. We recently reported byproduct inhibition for Fe(III)-catalyzed carbonyl-
olefin metathesis that results from this solution behavior.140 Similarly, Schindler and coworkers 
used their observations of the solution behavior of FeCl3
149 to design a new catalyst system.186 
We are currently using the information yielded from these observations to develop alternative 
protocols for substrates recalcitrant to current carbonyl-olefin metathesis methods. Because of 
the generality of these observations across the examined Lewis acids, we are exploring the 




CATALYST BEHAVIOR IN METAL-CATALYZED CARBONYL-OLEFIN METATHESIS 
Introduction 
This chapter is adapted from a previously published manuscript in the Journal of the American 
Chemical Society.140 The interactions between Lewis acids and carbonyls have played a 
significant role in the construction of important molecules.24,133,134,158 While a great deal of 
insight has been gained regarding classical stoichiometric regimes, like the Friedel-Crafts 
reaction, more discoveries continue to be made about the complexities of these interactions 
between carbonyls and Lewis acids in catalytic systems. In particular, the new reactivity 
observed in Lewis acid-catalyzed carbonyl-olefin metathesis demonstrates that a comprehensive 
understanding of the interactions be-tween these classical Lewis pairs remains incomplete. 
Representing a powerful reaction manifold for the pro-duction of C=C bonds from functional 
groups that are broadly utilized in the construction of complex molecules,141,142 the Fe(III)-
catalyzed process developed by Schindler and coworkers91 triggered a series of synthetic 
developments that expand the use of Fe(III),144–147,149 employ Ga(III),148 I2,
151 as well as Brønsted 
acids.150,187  This method has proven useful in the synthesis of many cyclic scaffolds via ring 
closing, including di- and trisubstituted cyclopentenes and cyclohexenes, polycyclic aromatic 
hydrocarbons, 2,5-dihydropyrroles, as well as ring-opening metathesis and cross metathesis. One 
of the major benefits of the transformation is the simplicity of execution, requiring only catalyst, 
solvent, and a carbonyl-olefin pair: a concise list of variables for mechanistic analysis. However, 
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one question remains unexplored: how does the catalyst distinguish between the substrate 
carbonyl and product carbonyl? We report herein the solution behavior of the Lewis acid catalyst 
in the presence of a model substrate and typical carbonyl byproducts. The application of in situ 
infrared spectroscopy displays formation of Lewis acid-dependent aggregates, which 
competitively inhibit the metathesis cycle. These mechanistic findings provide insight into 
procedural modifications to facilitate the conversion of recalcitrant metathesis substrates.  
 
Figure 54. Fe(III)-catalyzed carbonyl-olefin metathesis (A). Catalytic cycle (B). Additive-
facilitated metathesis (C). Byproduct-linked diminished yields (D). 
 
Previous efforts from our lab, working alongside the Schindler and Zimmerman labs, 
focused on the determination of the operating catalytic cycle that results in formation of 
disubstituted cyclopentene 2 and acetone (3, Figure 54A).188 We proposed that iron(III) chloride 
forms coordination complex 4, resulting in an interaction that activates the carbon-oxygen 
double bond. The activated complex then undergoes an asynchronous, concerted [2+2]-
cycloaddition to form oxetane-complex 5 as the turnover-limiting step. Fe(III)-mediated retro- 



















































































11a, R1 = R2 = Me 
11b, R1 = Ph, R2 = H
11c, R1 = Ph, R2 = Me
12












for the subsequent catalytic turnover.  
The final step of the cycle is critical for the success of the catalytic mechanism, 
suggesting that product inhibition is likely, under reaction conditions. Indeed, Li and coworkers 
reported the use of an additive to facilitate the formation of dihydropyrroles (9) from N-cinnamyl 
glycine derivatives (8, Figure 54C).144 Utilizing a styrenyl olefin partner that results in the 
formation of benzaldehyde as the carbonyl byproduct, they observed that product formation 
required the addition of superstoichiometric allyltrimethylsilane. This additive facilitated the 
formation of the desired heterocycle, as well as diallylated 10.189 Similarly, we observed that 
systems that formed benzaldehyde or acetophenone as the byproduct provided diminished yields 
(Figure 54D). In addition to these potential effects of byproduct, we have also demonstrated that 
the addition of exogenous Lewis bases to the reaction mixture eliminates metathesis reactivity.188 
Further, Schindler, Zimmerman, and coworkers showed that Lewis basic moieties within the 
substrate have the potential to inhibit the preferred reactivity.146 These collected observations are 
consistent with byproduct inhibition occurring via inefficient carbonyl exchange. 
Results and Discussion 
Kinetic analysis. 
Our initial efforts to elucidate the presence of byproduct inhibition began with 
observation of the metathesis reaction under synthetically relevant conditions. Using the reaction 
defined in Figure 55A, we employed aromatic ketone 15 as the substrate for the metathesis 
reaction in DCE.190 The extraction of kinetic information occurred by monitoring the [15] via 
reversed-phase ultra-performance liquid chromatography coupled with a transmission UV/vis 
detector. We performed reactions by first combining a metal halide with DCE. Then, catalysis 
was initiated via the addition of 15 to the mixture. To obtain a baseline for this particular  
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reaction, we examined an FeCl3-catalyzed system (■, Figure 55B), as well as a GaCl3-catalyzed 
system (●, Figure 55B). The Fe(III) reaction displays a significantly faster rate than Ga(III), as 
we have previously reported.188  
 
Figure 55. Metal halide-catalyzed carbonyl-olefin metathesis of 15 (A). FeCl3-mediated system 
(■), GaCl3-mediated system (●), FeCl3-mediated system with 0.5 equiv 3 (□), GaCl3-mediated 
system with 0.5 equiv 3 (○) (B) Error bars omitted for clarity. 
 
Next, we initiated the reaction in the presence of 0.5 equiv 3 with respect to 15. This 
modification was accomplished by pre-mixing 3 with the salt/DCE slurry prior to addition of 15. 
In the presence of 0.5 equiv added byproduct 3, we observe significant inhibition of catalytic 
activity for the Fe(III)-mediated system, decreasing the reaction to a rate slower than the GaCl3 
process. Similarly, we observe a decrease in rate when the GaCl3-catalyzed reaction is initiated 
in the presence of 3; however, the decrease is less significant compared to that observed when 
Fe(III) is employed. We continued our examination of the impact of 3 on the rate of reaction, 
probing 0.2 equiv 3 with respect to 15. In both systems, we observe a concentration-dependent 
deleterious effect on the rate of reaction arising from the presence of 3; however, in neither case 
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is this decrease consistent with a whole number rate order. Collectively, these data are consistent 
with catalyst behavior being impacted by the identity of the Lewis acid. Under typical reaction 
conditions for 15, Fe(III) is a much more efficient catalyst. However, its rate is significantly 
impacted by the presence of byproduct compared to Ga(III). Intriguingly, the slopes of the 
decays suggest that the Ga-catalyzed system appears to approach a constant rate whether or not 
the reaction is initiated in the presence of 3; whereas, this observation is not present in the Fe 
reaction, suggesting different affinities for the interactions of Fe and Ga with 3 and 15. 
Spectroscopic investigation. 
The contrasting observations we confronted for the FeCl3- and GaCl3-catalyzed systems 
necessitated an in-depth examination of the interactions of these catalysts with carbonyls. These 
interactions have played a significant role in the construction of important molecules.24,133,134,158 
Because of their widespread application, significant effort has been devoted to characterizing the 
behavior of Lewis acids and bases, relying heavily on infrared (IR) spectroscopy to elucidate the 
discrete structure of Lewis pairs, and to utilize IR as a tool for the determination of Lewis  
acidity.134–139 In particular, the Susz lab studied the stoichiometric coordinating interactions of 
Lewis acids and carbonyls in great detail in the solid state. They employed IR and elemental 
analysis to determine the composition of neat, 1:1 mixtures of Lewis pairs, yielding a great deal 
of structural information about the interactions of simple ketones and aldehydes with a range of 
Lewis acids. These data form a solid foundation for the spectroscopic behavior of 3, 









Figure 56. Solution IR data for titrations of GaCl3 (1 mmol in 6 mL DCE) and FeCl3 (2 mmol in 
12 mL DCE) with 0-1 equiv 3 (A and D), 13 (B and E), and 14 (C and F), as well as >1 equiv 3 
(G and J), 13 (H and K), and 14 (I and L). Titrations proceed from red to violet with increasing 
amounts of titrant. 
 
With this wealth of spectroscopic information in the solid state available as a starting 
point, we began to examine the solution interactions of GaCl3 and FeCl3 in combination with 3, 
13, and 14. Using solution IR, we posited that we would be able to compare the relative amounts  
of free carbonyl compound with the complex formed be-tween the carbonyl and Lewis acid.  

















































































































































































































































































rapidly dissolving and FeCl3 being largely insoluble in DCE. We prepared mixtures of these salts 
to which we titrated carbonyl incrementally. Our spectroscopic investigation began with the 
examination of the interaction between GaCl3 and 3. Intriguingly, between 0 and 1 equiv 3 added 
to the solution, we observe no unbound 3. In the carbonyl region of the spectrum, we observe 
exclusive formation of a signal at 1630 cm-1 (Figure 56A). When a similar titration was 
performed with FeCl3, again no unbound 3 was observed, with exclusive formation of a vibration 
at 1633 cm-1 (Figure 56D). Importantly, the FeCl3 system remains heterogeneous until 1 equiv 3 
is present. We performed an analogous titration with 13 and GaCl3 and observed exclusive 
formation of a single species with absorbances at 1610, 1596, and 1573 cm-1 (Figure 56B). The 
corresponding titration into an FeCl3 slurry resulted in the formation of a species with vibrations 
at 1610, 1592, and 1569 cm-1 (Figure 56E). Again, the FeCl3 system remains heterogeneous until 
1 equiv 13 is present in solution with respect to metal halide. When the titrant is 14, GaCl3 yields 
1603, 1588, and 1563 cm-1 (Figure 56C), while FeCl3 provides 1603, 1589, and 1558 cm
-1 
(Figure 56F). The presence of 1 equiv 14 with respect to FeCl3 generates a homogeneous 
solution.  
In their study of the interactions of Lewis acids and bases, the Susz lab prepared a 
number of 1:1 complexes of Lewis acids and carbonyls as solids. They examined these structures 
via elemental analysis to determine their composition and IR to determine the manner of 
interaction between acid and base. They report a 1:1 complex between 3 and BF3 (1640 cm
-1),8 
as well as with 3 and TiCl4 (1625 cm
-1).176 Further, Greenwood measured the heat of formation 
of a 1:1 GaCl3-3 complex at -15.3 kcal mol
-1,153,154 consistent with our observed absence of 
unbound 3. These precedents are consistent with our observations between 3 and both GaCl3 and 
FeCl3, suggesting that between 0 and 1 equiv 3, a 1:1 coordination complex forms exclusively 
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between 3 and GaCl3 (17), as well as 3 and FeCl3 (7). The similar behavior observed in the 
systems employing 13 and 14 is suggestive of an analogous complexation, where 13 forms 
benzaldehyde-GaCl3 complex 18 and benzaldehyde-FeCl3 complex 20. The corresponding 
addition of 14 forms acetophenone-GaCl3 complex 19 and acetophenone-FeCl3 complex 21 with 
GaCl3 and FeCl3, respectively. Our observation of 21 is consistent with the solid state IR 
reported by the Susz lab.9 Further, Kochi and coworkers reported a crystal structure of an 
analogous GaCl3 complex with 4-fluorobenzoyl chloride.
191 
Interestingly, when the addition of the carbonyl proceeds beyond 1 equiv with respect to 
the metal halide, the behavior of the two systems diverges. For GaCl3, when >1 equiv 3, 13, and 
14 are added to the solution, we observe the presence of unbound carbonyl: 1714 cm-1 for 3 
(Figure 56G), 1704 cm-1 for 13 (Figure 56H), and 1685 cm-1 for 14 (Figure 56I). When this same 
range of 3 is added to FeCl3, more complex spectra are obtained.  
When 3 is added beyond 1 equiv, we observe an isosbestic point at 1648 cm-1 (Figure 
56J). The C=O vibration of free 3 is observed at 1714 cm-1; however, we also observe the signal 
at 1644 cm-1 decrease in intensity while a new signal at 1663 cm-1 forms. Similarly, when 13 is 
added beyond 1 equiv, an isosbestic point is observed at 1574 cm-1 (Figure 56K). 
Simultaneously, as the intensity of the signal for free 13 grows (1704 cm-1), the signal at 1569 
cm-1 decreases while 1577 cm-1 and 1626 cm-1 grow. For the addition of superstoichiometric 14 
to FeCl3, an isosbestic point is present at 1566 cm
-1 (Figure 56L). The vibration for 21 at 1558 
cm-1 decreases as more 14 is observed at 1685 cm-1. Further, the range between 1670 and 1610 
cm-1 grows. 
To gain more insight into the difference in behavior of GaCl3 and FeCl3, we examined the 
amounts of each component present in solution with respect to the equivalents of carbonyl 
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added. Because data are collected via titration, dilution is a factor for which we must account. 
We accomplish this task through normalization of the absorbance of the max of each component 
(3 = 1714 cm-1, 7 = 1644 cm-1, 13 = 1704 cm-1, 14 = 1685 cm-1, 17 = 1633 cm-1, 18 = 1573 cm-1, 
19 = 1563 cm-1, 20 = 1569 cm-1, 21 = 1558 cm-1) by multiplying the signal by the volume present 
in each measurement yielding eq. 1:  
𝐴𝑉 = 𝜀𝑙𝑛   (1) 
where 1) both absorbance (A) and volume (V) are measurable terms; 2) molar absorptivity () 
and pathlength (l) are constant, allowing 3) number of moles (n) to be examined. Using eq. 1, we 
can examine the observed amount of each component as a function of equivalents of carbonyl 
added (Figure 57).  
 
Figure 57. Analysis of components: 3 and 17 (A) as well as 3, theoretical 3 after 1 equiv, and 7 
(B). 
 
When we consider the addition of 3 to GaCl3, we see several key observations (Figure 
57A). The amount of 17 (●) increases proportionately with the amount of 3 from 0 equiv 3 until 
≈1 equiv 3 has been added. After an equivalent amount of 3 with respect to GaCl3 is present, no 
significant change in amount of 17 occurs, concomitant with observation of 3 in solution (■). 
Analogous features are observed for the addition of 13 to GaCl3 and 14 to GaCl3. Similarly, the 
titrations of carbonyls into the FeCl3 mixture display proportional growth in the amount of 7 
(Figure 57B), 20, and 21. In all three cases, the amount of 1:1 Lewis acid-carbonyl complex 
































































increases until 1 equiv carbonyl is present in solution. However, after the addition of 1 equiv 
carbonyl, the Fe-containing systems diverge from their Ga-containing counterparts. In all three 
cases, the amount of coordination complex decreases with increasing equivalents of carbonyl.  
At this point, it is important to consider our collected observations from all six titrations. 
1) Under anhydrous conditions, GaCl3 is soluble in DCE while FeCl3 is not. 2) The solubility of 
FeCl3 increases with increasing amount of added carbonyl, regardless of identity. 3) Upon the 
addition of 1 equiv carbonyl, all three Fe systems achieve homogeneity. 4) Solution IR of all six 
systems displays vibrations consistent with the formation of 1:1 Lewis acid-carbonyl 
coordination complexes, similar to the IR spectra reported by Susz for identical/analogous 
structures. 5) In all cases, no uncoordinated carbonyl is observed until the first equivalence point 
is reached. Collectively, these observations suggest that, beginning at 1 equiv carbonyl added, 
the signal of uncoordinated titrant should be representative of the total amount added. The 
amounts of 3, 13, and 14 observed in each of the titrations are consistent with this statement, 
suggesting that once each GaCl3 molecule is ligated by a molecule of carbonyl, no further 
measurable interaction occurs. Alternatively, the suggestion that all carbonyl added after the 
equivalence point should be observable does not hold true for the FeCl3 systems. When the 
titration of FeCl3 with 3 is considered, we know what the signal of 3 should be based on 
observation in the absence of FeCl3 (Figure 57B). The amount of 3 observed (■) is less than 
expected (□). This observation is similarly true for the observed amounts of 13 as well as the 
observed amounts of 14. When these observations are taken in context with our data that include 
the formation of new spectral features concomitant with decrease in the intensity of coordination 




For the FeCl3 systems, once the equivalence point is reached, the amount of 1:1 
coordination complex decreases with increasing equivalents of carbonyl. The data presented so 
far are consistent with the amount of carbonyl added being equivalent to the amount of 1:1 
coordination complex formed for the titration range from 0 to 1 equiv carbonyl. Additionally, the 
maximal amount of complex is defined by the moles of metal halide present (CMAX = 2 mmol 
FeCl3). With this relationship, we can treat the moles of carbonyl added (CADD) as equal to the 
moles of coordination complex (CCOORD) to develop a Beer-Lambert relationship with 
absorbance. We can use this relationship observed in the 0-1 equiv region to determine CCOORD 
for observations >1 equiv carbonyl via absorbance. This amount can be compared to the 
theoretical amount of complex to determine the amount consumed by excess carbonyl. 
Additionally, some amount of the carbonyl added is not detected spectroscopically as either 
CCOORD or unbound (COBS). Specifically, we can track the as yet undetected carbonyl in the mass 
balance in eq. 2: 
CADD = COBS + CCOORD + CND  (2) 
where CND is the moles of carbonyl not detected. Using the region >1 equiv carbonyl added, we 
can plot CND as a function of the moles of complex that have been consumed (CMAX – CCOORD). 
Indeed, when these values are compared, we observe a linear relationship between the moles of 
undetected carbonyl and the moles of coordination complex 7 that have been consumed (Figure 
58). We observe correlation between the amount of carbonyl for which we cannot account and 
the amount of complex that is consumed with similar results for 13 and 14. Importantly, both 
axes have units in moles, suggesting that the slope of the line is related to the moles of carbonyl 
necessary to consume one mole of 1:1 Lewis acid-carbonyl coordination complex. The 
relationship between 3 and 7 suggests that 3-4 equiv 3 are required to consume 1 equiv 7 (Figure 
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58). Similar analysis of 13 suggests that ≈3 equiv 13 are required to consume 1 equiv 20, and the 
relationship between 14 and 21 suggests that 3-4 equiv 14 are required to consume 1 equiv 21.  
 
Figure 58. Undetected carbonyl CND vs. consumed coordination complex for 3 and 7 (A), and the 
slopes of the correlations for 3 and 7, 13 and 20, as well as 14 and 21 (B). 
 
If we consider the structural ramifications of the correlations in Figure 58, they 
collectively provide a great deal of insight into the solution behavior of FeCl3 in the presence of  
carbonyls. When FeCl3 is exposed to a stoichiometric amount of carbonyl compound, the 
classical solution structures for Lewis-acid-mediated systems form, comprised of one molecule 
of FeCl3 and one molecule of carbonyl compound (22, Figure 59). However, in the presence of a 
superstoichiometric amount of carbonyl, complexes form via the addition of further equivalents 
of carbonyl compounds. As a result, some population of carbonyl-ligated complexes will exist in 
solution with different degrees of coordination by the carbonyl (23).  When x is consistent with 
the slopes observed in Figure 58 (slope ≥ 3), this process will form structures where some  
number (y) of the chloride ligands are displaced to the outer sphere. If this process is occurring, 
one or more colligative properties of the solution will change. Further, detailed 71Ga NMR 
experiments by Novikov, Tomilov, and coworkers show the addition of three chelating ligands to 
a Ga(III) center, resulting in the formation of ion pairs.192,193 If our GaCl3 systems behave 
analogously, we should observe the effects of ion pair formation. 
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Figure 59. Proposed solution behavior of FeCl3 in the presence of carbonyl byproducts in DCE.  
Colligative measurements. 
To probe the interactions of FeCl3 and GaCl3 in DCE with superstoichiometric amounts 
of 3, 13, and 14, we examined the conductivity () with increasing amounts of carbonyl (Figure 
60). These measurements were accomplished via titration using identical concentrations to those 
employed for our IR investigation. Beginning with GaCl3 and 3 (■, Figure 60A), we see a slight 
increase in  from 0-5 equiv 3 to a value of 121 S cm-1. For FeCl3 and 3 (●), we see analogous 
behavior from 0-1 equiv added 3. At the equivalence point, we see a conductivity of 96 S cm-1 
for the FeCl3 system. At 2 equiv 3,  increases to 733 S cm
-1, which continues up to 1244 S 
cm-1 at 5 equiv 3. We obtained analogous results for titrations of 13 and 14. Titration of GaCl3 
with 13 displays little increase in  over the course of the titration, achieving a value of 59 S 
cm-1 at 5 equiv 13. The addition of 13 to FeCl3 displays negligible conductivity from 0-1 equiv 
13, while rapidly increasing to 1247 S cm-1 at 2 equiv 13. Lastly, examination of the 
combination of both metal halides with 14 yields results proximal to the titrations with 3. The  
GaCl3 titration displays a marginal increase in conductivity; whereas, the addition of 14 to FeCl3  
achieves a  of 796 S cm-1 at 2 equiv 14, which increases to 1223 S cm-1 at 5 equiv added 14.  
Detailed examination of these results yields several key insights. We continue to observe 
analogous behavior between the GaCl3 systems and the FeCl3 systems for <1 equiv added 
carbonyl. Similar to IR, the behavior of both systems diverge upon the addition of ≥1 equiv 






















displays properties consistent with the formation of ion pairs (x≥3 and y≥1, Figure 59). 
Importantly, the observed behavior is inconsistent with the complexes reported by Novikov, 
Tomilov, and workers, suggesting that displacement of the counterions from Ga(III) may require  
chelating carbonyl ligands.192,193  
 
Figure 60. Conductivity of FeCl3 (2 mmol in 12 mL DCE) and GaCl3 (2 mmol in 12 mL DCE) 
with increasing amounts of 3.  
 
Crystallographic investigation. 
 To gain further support for the solution structures that are possible in the reaction in 
Figure 55A, we turned to X-ray crystallography.93 Indeed, when FeCl3 is combined in DCE in 
the presence of excess 13 with pentane-assisted precipitation, we are able to resolve a crystal 
structure for FeCl3 (24, Figure 61). We observe an octahedral, Fe-centered complex, showing 
that 13 displaces one chloride anion in 24. Importantly, the observed number of molecules of 13 
bound to the Fe(III) center is consistent with our analysis in Figure 5, where three additional 
equivalents of 13 add to complex 20. The presence of four molecules of 13 as well as two 
chloride anions is consistent with our conductance data, where solution conductivity increases 
because of displacement of chloride to the outer sphere. This higher order of coordination is 
consistent with Denmark and coworkers’ report on interactions of SnCl4 with aldehydes.
97,179 It 
is important to point out that this structure represents a single possible coordination complex in 
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this system, and that it is simply the structure that precipitates under forcing conditions. Further, 
we do not observe precipitation under reaction or titration conditions, and our titration data are 
consistent with complete formation of 1:1 coordination complex followed by subsequent 
addition to form a more highly ligated species.  
 
Figure 61. Solid state structure of 24. Thermal ellipsoids at 50% probability; hydrogen atoms and 
counter anions (FeCl4
-) omitted for clarity. Color key: orange = Fe, red = O, gray = C, green = Cl. 
 
Taken together, these observations suggest that the FeCl4
- observed in the crystal 
structure is an artifact of the equilibria involved in precipitation. In order to form FeCl4
- in our 
titrations, 2 equiv byproduct would be required to consume 2 equiv 1:1 complex (1 mol 13 per 1 
mol 20). Our analysis in Figure 5 is consistent with 3 equiv of byproduct consuming 1 equiv 1:1 
complex (3 mol 13 per 1 mol 20). Lastly, formation of FeCl4
- could be consistent with the 
superelectrophilic homo dimers reported by Schindler, Sigman, and Zimmerman.149 In their 
report, they observe second order kinetics with respect to FeCl3 when employing aliphatic 
ketones as substrates; whereas, aromatic ketones display first order kinetics with respect to 
FeCl3, which is inconsistent with the superelectrophile-mediated process. Examination of the rate 
order of FeCl3 for the reaction of aromatic ketone 15 displays an order of 1.13 ± 0.03, which is 
consistent with other reports on reactions of aromatic ketones.149,188  
Substrate analysis. 
Having characterized the interactions of typical carbonyl-olefin metathesis byproducts in 















reaction onset when either FeCl3 or GaCl3 are combined with 15, we examined the Lewis acid-
carbonyl interactions of 25: the structural analogue of the substrate, but with the olefin partner 
hydrogenated.153,154 We applied our titration protocol to this model and found little difference in 
behavior between the Fe(III) and Ga(III) systems (Figure 62). Between 0 and 1 equiv 25 added 
to the solution, we observe no unbound 25 in either system, consistent with our observations for 
simple carbonyls. In the carbonyl region of the Fe(III) spectrum, we observe the formation of 
signals at 1551, 1584, and 1596 cm-1 (Figure 62A). Again, the FeCl3 system remains 
heterogeneous until 1 equiv 25 is present. Equivalent spectroscopic features are present with 
GaCl3, with formation of vibrations at 1558 and 1584 cm
-1 (Figure 62D). Interestingly, when the 
addition of 25 proceeds beyond 1 equiv, we no longer observe the divergent behavior seen with 
simple carbonyls (Figures 62B and 62E). In both systems, the initial vibrations remain 
unchanged at higher equivalents of 25, and we observe the carbonyl of 25 at 1670 cm-1. These 
spectral features can be seen in greater clarity via analysis of the system components (Figures 
62C and 62F). In both systems, we observe growth of the coordination complex to a maximum at 
approximately 1 equiv 25, at which point 25 is observed. The appearance of 25 at lower 
equivalents in Figure 62C suggests a different binding affinity between the substrate and FeCl3 




Figure 62. Solution IR data for titrations of FeCl3 (0.5 mmol in 3 mL DCE) and GaCl3 (0.5 mmol 
in 3 mL DCE) with 0-1 equiv 25 (A and D), as well as >1 equiv 25 (B and E) Titrations proceed 
from red to violet with increasing amounts of titrant. Analysis of components: 25 and 26 (C); 25 
and 27 (F). 
 
Carbonyl exchange. 
Lastly, we sought to examine the ability of the substrate to displace byproduct in order to 
access the Fe-center in the carbonyl exchange step. To this end, we performed a titration, in 
which we preformed 1:1 complex 7, and then added increasing amounts of 25. When 25 is added 
to 7 from 0-1 equiv, 7 is consumed, free 3 appears, free 25 can be observed, as well as 1:1 
complex 26 (Figure 63A). When 25 is added from 1-3 equiv, more 26 is formed, more 7 is 
consumed, and more free 3 and free 25 are observed (Figure 63B). These data suggest that the 
substrate is capable of displacing the byproduct present in 1:1 byproduct complex 7 to form 1:1 
substrate complex 26. 
We observe disparate behavior when the titration begins with highly ligated byproduct 
complex 28. When 25 is added to this complex from 0-1 equiv, the most significant change in 
the spectrum is an increase in the signal for unbound 25 (Figure 63C). There are minimal 















































































































































































unchanged. When 25 is added from 1-3 equiv, again, the most significant change is the addition 
of unbound 25. A small increase in free 3 is present, and a few vibrations appear in the region 
where 1:1 complex 26 appears. However, the max in this region is not consistent with the signal 
observed in Figure 62A and may represent a different structure. Lastly, we can explain the 
behavior of the FeCl3 catalyst as the reaction progresses with these data. At low conversion, 
Figure 63B represents the system at high concentration of substrate and low concentration of 
byproduct. Whereas, Figure 63C represents catalyst conditions from 50% conversion to 
termination, resulting in 28. Alternatively, when the reaction is initiated with 0.5 equiv 3 with 
respect to substrate, the reaction begins at 63D, with far less substrate able to bind exclusively to 
FeCl3. This shift in Fe structure to the highly ligated system coincides with decrease in rate and 
even termination of reactivity. 
 
Figure 63. Solution IR data for titrations of 1:1 acetone-FeCl3 (0.5 mmol in 3 mL DCE) with 0-1 
equiv 25 (A) as well as >1 equiv 25 (B). Solution IR data for titrations of 2:1 acetone-FeCl3 (0.5 
mmol in 3 mL DCE) with 0-1 equiv 25 (C), as well as >1 equiv 25 (D). Titrations proceed from 













































































































Final Mechanistic Proposal. 
 Our kinetic, spectroscopic, conductance, and crystallographic investigations yield the 
following results: 1) The rate of catalytic turnover is decreased by the byproduct when FeCl3 is 
the catalyst. 2) This interaction in the GaCl3 system is not nearly as pronounced. 3) Titration of 
both GaCl3 and FeCl3 in DCE with 0-1 equiv 3, 13, and 14 all result in exclusive formation of a 
1:1 Lewis acid-carbonyl coordination complex, consistent with previous reports. 4) When >1 
equiv 3, 13, or 14 are added to GaCl3, no effect is detected spectroscopically or via conductance. 
5) When >1 equiv 3, 13, or 14 are added to FeCl3, the initial complex is consumed and is 
converted to an alternative species detected by IR, consistent with the addition of ≥3 additional 
equivalents of carbonyl compound. 6) When FeCl3 in DCE is exposed to >1 equiv of 3, 13, or 
14, a marked increase in conductivity is observed, consistent with the formation of solvent-
separated ion pairs. 7) X-ray crystallographic data demonstrate that an octahedral Fe-centered 
complex can form in solution and displace the original chloride ligands. 8) The highly ligated 
structures are not observed for titrations of a substrate model, displaying only 1:1 complex. 
These observations allow us to address the question we raised via our kinetic experiments: Why 
are different behaviors observed for each Lewis acid in the presence of byproduct? 
 At all equivalents of carbonyl examined with respect to GaCl3, we observe no additional 
interaction beyond the formation of a 1:1 Lewis acid-carbonyl complex, consistent with the 
classical mechanisms drawn for Lewis-acid-mediated reactions. The classical Lewis-acid-
mediated model is true for stoichiometric interactions between FeCl3 and the carbonyls examined 
(0-1 equiv). However, this model stops being representative of the solution structure of the Lewis 
acid at superstoichiometric loadings of byproduct carbonyl (>1 equiv). A highly ligated species 
results when large excesses of byproduct carbonyl are present with respect to FeCl3. In our study, 
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we examined loadings of carbonyl up to 5 equiv, which would be consistent with a 20 mol% 
loading of metal halide with respect to carbonyl. With respect to the metathesis reaction, 20 
equiv of byproduct are present at the end of a reaction employing 5 mol% catalyst. In the Ga-
catalyzed system, 1:1 interactions are all that occur under reaction conditions, suggesting Ga(III) 
follows the primary cycle of the metathesis reaction (Figure 64), and that byproduct inhibition 
will arise when the byproduct has a binding affinity for the Lewis acid capable of outcompeting 
the substrate.  
 
Figure 64. Final mechanistic proposal. 
Alternatively, the behavior of FeCl3 changes over the course of the reaction. At low 
turnovers, the primary cycle efficiently converts substrate 1 to product 2. However, as the 
concentration of byproduct increases, the Fe center of 1:1 complex 7 is ligated by additional 
byproduct carbonyls, forming highly ligated complexes like 28, outside of the primary cycle. 
Carbonyl exchange data suggest that at high substrate concentrations relative to 3, byproduct can 
be displaced from the complex (Figure 63D). As a result, either substrate can still form 4 by 
displacing multiple byproduct ligands, or 28 can be converted to 29. In the former case, the 



































































































decreased rate may result from an increase in the degree of coordination to the Lewis acid, which 
is consistent with the report of Denmark and coworkers who showed that the structure of the 
Lewis acid-carbonyl complex can affect the reactivity of the carbonyl.97,179 By attaching the 
carbonyl to sterically encumbered catalyst 28, the turnover-limiting [2+2]-cycloaddition becomes 
more difficult by inhibiting association of the pendant olefin with the carbonyl. This steric 
inhibition is analogous to the inhibition observed in SmI2-mediated ketyl-olefin 5-exo-trig  
cyclizations reported by Flowers and coworkers.194 Lastly, this result is consistent with our 
previous observations that the presence of exogenous Lewis bases inhibits product formation.188 
To test the explanatory power of our model for Lewis acid behavior, we examined a 
system reported by Schindler and coworkers that produces dihydropyrrole 33 and 13 (Figure 
65A).146 This system is analogous to the work of Li and coworkers144 with two key modifications 
appropriate for the testing of our supposition: 1) the system does not require allyltrimethylsilane 
to eliminate the byproduct, and 2) the application of the FTs group decreases the likelihood of 
interaction of this protecting group with the Lewis acid mediator. As a result, these conditions 
allow us to see the competition between the substrate carbonyl and the byproduct carbonyl.  
We examined the FeCl3-catalyzed system (■, Figure 65B), as well as a GaCl3-catalyzed 
system (●, Figure 65B). Intriguingly, GaCl3 displays an initial rate faster than that of the FeCl3-
mediated reaction, while the FeCl3 system maintains a higher rate at high conversion of 
substrate. Next, we initiated the reaction in the presence of 1 equiv 13 with respect to the metal 
halide. In the presence of added byproduct 13, a significant decrease in rate occurs for the 
Fe(III)-mediated system, while no reaction is observed with GaCl3 even after 4 h. This system 
requires an order of magnitude more Lewis acid than that of Figure 55, suggesting that substrate 
31 has a much lower affinity for each Lewis acid than substrate 15. This lower relative affinity 
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makes byproduct inhibition significantly more pronounced. Further, this inhibition is so 
pronounced in the Ga-mediated system that reactivity is prevented, while FeCl3 is still capable of 
carrying out the reaction in the presence of 1 equiv 13. The GaCl3 result is consistent with direct 
competition between the substrate and byproduct; whereas, the FeCl3 reaction is still able to 
proceed because multiple carbonyls are capable of accessing the metal center. 
 
Figure 65. Metal halide-mediated carbonyl-olefin metathesis of 31 (A). GaCl3-mediated system 
(●), FeCl3-mediated system (■), 1:1 13:FeCl3-mediated (□), 1:1 13:GaCl3-mediated system (○) 
(B). 
 
Lastly, this mechanistic proposal facilitates the adaptation of new procedures by synthetic 
chemists attempting to employ the metathesis reaction to recalcitrant substrates. The 
benzaldehyde-producing transformation in Figure 65A is facilitated by an increase in the loading 
of Lewis acid.146 By increasing the ratio of FeCl3 to byproduct, the reversible aggregation 
process favors the 1:1 Lewis acid-carbonyl complex. As a result, the metathesis reaction can 
remain in the primary cycle until higher conversions of starting material. Alternatively, reports 
by the Li144 and Schindler149 labs have addressed benzaldehyde-mediated inhibition by the 
addition of allyltrimethylsilane to chemically remove benzaldehyde from the system. To address 
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acetone-mediated inhibition, a similar increase in the loading of Lewis acid can shift the 
equilibrium to favor the primary cycle. Alternatively, we have found that increasing reaction 
temperature can improve turnover of the catalyst.149 For example, the reaction depicted in Figure 
65A is performed at 0 ºC and reaches completion in about 20 min. When the same reaction is 
performed in the presence of 0.5 equiv 3 with respect to substrate at 0 ºC, the reaction terminates 
early. When the 3-containing system is heated to 40 °C, the reaction reaches full conversion in 
20 min. 
Conclusion 
The solution structures of metathesis-active catalysts were investigated on the basis of kinetic, 
spectroscopic, colligative, and crystallographic experiments. These data have given us insight 
into the divergent kinetic behavior of GaCl3 and FeCl3 as catalysts in DCE. GaCl3 interacts with 
carbonyls through a classical Lewis acid-Lewis base interaction, forming a 1:1 coordination 
complex, regardless of relative amount of carbonyl. Conversely, FeCl3 does not only exist as a 
1:1 coordination complex when employed as a catalyst, but rather can be reversibly ligated by 
multiple molecules of byproduct, while potentially remaining catalytically active when substrate-
binding affinity is high. The presence of alternative Lewis bases in addition to the substrate 
carbonyl inhibits the turnover-limiting [2+2]-cycloaddition that yields product. This work 
describing the solution structures for catalysis of aromatic carbonyls, in concert with the recent 
report of Fe(III) dimers by Schindler, Sigman, and Zimmerman for the reaction of aliphatic 
carbonyls,149 indicates that significant consideration of solution structures allows for a more 
complete understanding of reaction behavior in catalytic systems. Indeed, the highly ligated 
Fe(III) complexes we describe likely have a more pronounced inhibitory effect on the formation 
of the superelectrophilic iron dimers, evidenced by the need for elevated temperatures in some 
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cases or the addition of allyltrimethylsilane in benzaldehyde producing substrates. When 
alternatives to chlorinated solvents are considered, further complications arise, ranging from 
inhibition of reactivity with Lewis basic solvents188 to the trapping of metathesis intermediates in 
more lipophilic solvents.145 We are currently investigating the complexities of solvent 
interactions to map the diverse array of solution structures. These considerations are not only 
important for reaction design and catalyst selection, but also for computational analysis of 
reaction intermediates and transition states. Further, the development of ring-opening and cross 
carbonyl-olefin metathesis reactions requires the ability of the catalyst to adequately differentiate 
between substrate and product carbonyls. The described byproduct inhibition is likely a factor in 
many carbonyl-based FeCl3-catalyzed reactions beyond carbonyl-olefin metathesis. We are 
currently examining alternative systems to understand the impact of the solution structures 











General procedure for CeCl3, I2, AgOTf, and ZnCl2 complexation. 
Lewis acid (2.00 mmol) was added to a flame-dried 25 mL 2-neck round bottom flask 
under inert atmosphere with a stir bar. The flask was sealed with septa, taken out of the box, and 
an Ar balloon was inserted. The flask was placed in a water bath in a jacketed beaker connected 
to an electric circulator set to 30 °C. Anhydrous DCE was added (12 mL, 167.3 mM). The 
solution was stirred for 15 minutes to reach temperature. 1 was added in 10 µL increments to the 
2nd equivalence point of carbonyl, then 20 μL increments were added until 4th equivalence point 
was reached. Complexation was analyzed via real time infrared spectroscopy, using a Mettler 
Toledo ReactIR 15. We only observe free 1 for all four systems regardless of amount of 1 added.  
General procedure for BCl3 complexation. 
BCl3 (1 mL of 1M solution in DCM, 1.00 mmol) was added to a flame-dried 25 mL 2-
neck round bottom flask under inert atmosphere with a stir bar. The flask was sealed with septa, 
taken out of the box, and an Ar balloon was inserted. The flask was placed in a water bath in a 
jacketed beaker connected to an electric circulator set to 30 °C. Anhydrous DCE was added (5 
mL, 166.7 mM). The solution was stirred for 15 minutes to reach temperature. Carbonyl was 
added in 10 µL increments to the 2nd equivalence point of carbonyl, then 20 μL increments were 
added until 4th equivalence point was reached. Complexation was analyzed via real time infrared 
spectroscopy, using a Mettler Toledo ReactIR 15. Plotting and trendline analysis were performed 








Figure S1. Titration of 1 with BCl3 for 0-1 equiv 1. Titration proceeds from black to violet. A) [1] 
= 0 M, 0.022 M, 0.045 M, 0.068 M, 0.090 M, 0.112 M, 0.133 M, and 0.156 M. B) [1] = 0.179 M, 




Figure S2. Titration of 2 with BCl3. Titration proceeds from red to blue. [2] = 0 M, 0.021 M, 0.043 




Figure S3. Titration of 3 with BCl3. A) Titration proceeds from black to violet.  [3] = 0 M, 0.033 
M, 0.065 M, 0.097 M, 0.129 M, 0.177 M, and 0.255M. B) Titration proceeds from black to orange.  
[3] = 0.332M, 0.422M, 0.482M, and 0.628M. For clarity, concentration of 3 displayed in Figure 
2C: 0 M, 0.033 M, 0.065 M, 0.097 M, 0.129 M, 0.177 M and region between 1400-1500 is omitted. 














































































































Figure S4. Titration of 4 with BCl3. A) Titration proceeds from black to violet. [4] = 0 M, 0.009 
M, 0.026 M, 0.034 M, 0.051M, 0.068 M, 0.093 M, 0.135 M, and 0.186 M. B) Titration proceeds 
from black to red. [4] = 0.201 M, 0.250 M, and 0.331 M.  For clarity, concentration of 4 displayed 
in Figure 31B: 0 M, 0.034 M, 0.068 M, 0.101 M, 0.134 M, 0.168 M and region between 1400-
1500 is omitted.  
 
General procedure for BF3·OEt2 complexation. 
BF3·OEt2 (250 μL, 2 mmol) was added to a flame-dried 25 mL 2-neck round bottom flask 
under inert atmosphere with a stir bar. The flask was sealed with septa, taken out of the box, and 
an Ar balloon was inserted. The flask was placed in a water bath in a jacketed beaker connected 
to an electric circulator set to 30 °C. Anhydrous DCE was added (12 mL, 166 mM). The 
homogenous solution was stirred for 15 minutes to reach temperature. Carbonyl was added in 10 
µL increments to the 2nd equivalence point of carbonyl, then 20 μL increments were added until 
3rd equivalence point was reached, then 100 µL injections were added until 6 equivalents of 
carbonyl were reached. Complexation was analyzed via real time infrared spectroscopy, using a 
Mettler Toledo ReactIR 15. Plotting and trendline analysis were performed with GraphPad Prism 

















































Figure S5. Titration of 1 with BF3·OEt2. Titrations proceed from black to violet. A) [1] = 0 M, 
0.011 M, 0.022 M, 0.034 M, 0.045M, 0.056 M, 0.067 M, and 0.078 M. B) [1] = 0.90 M, 0.101 M, 
0.112 M, 0.123 M, 0.134 M, 0.145 M, 0.156 M, and 0.167 M. C) [1] = 0.178 M, 0.189 M, 0.200 
M, 0.211 M, 0.232 M, 0.243 M, 0.254 M, and 0.265 M. D) [1] = 0.394 M, 0.415 M, 0.436 M, 
0.457 M, 0.478 M, 0.499 M, 0.603 M, and 0.705 M. E) Titration proceeds from black to red. [1] = 
0.805 M, 0.904 M, and 1.00 M. For clarity, concentration of 1 displayed in Figure 32A: 0 M, 0.067 











































































































Figure S6. Titration of 2 with BF3·OEt2. Titrations proceed from black to violet. A) [2] = 0 M, 
0.007 M, 0.014 M, 0.021 M, 0.029 M, 0.036 M, 0.043 M, and 0.050 M. B) [2] = 0.057 M, 0.064 
M, 0.071 M, 0.078 M, 0.085 M, 0.091 M, 0.099 M, and 0.106 M. C) [2] = 0.113 M, 0.120 M, 
0.127 M, 0.134 M, 0.141 M, 0.148 M, 0.154 M,  and 0.161 M. D) [2] = 0.168 M, 0.175 M, 0.189 
M, 0.203 M, 0.216 M, 0.230 M, 0.243 M, and 0.257 M. E) [2] = 0.270 M, 0.284 M, 0.300 M, 
0.310 M, 0.324 M, 0.337 M, 0.402 M, and 0. 467 M. F) Titration proceeds from black to green. 
[2] = 0.530 M, 0. 593 M, 0.654 M, 0.715 M, 0.774 M, and 0.833 M. For clarity, concentration of 
































































































































Figure S7. Titration of 3 with BF3·OEt2. Titrations proceed from black to violet. A) [3] = 0 M, 
0.008 M, 0.016 M, 0.024 M, 0.033 M, 0.041 M, 0.049 M, and 0.057 M.  B) [3] = 0.065 M, 0.073 
M, 0.081 M, 0.089 M, 0.097 M, 0.105 M, 0.113 M, and 0.121 M. C) [3] = 0.129 M, 0.137 M, 
0.145 M, 0.153 M, 0.161 M, 0.169 M, 0.177 M, and 0.185 M. D) [3] = 0.192 M, 0.200 M, 0.216 
M, 0.224 M, 0.232 M, 0.239 M, and 0.347 M.  E) [3] = 0.255 M, 0.263 M, 0.270 M, 0.278 M, 
0.286 M, 0.293 M, 0.301 M, and 0.309 M. F) [3] = 0.316 M, 0.324 M, 0.339 M, 0.355 M, 0.370 
M, 0.385 M, 0.400 M, and 0.415 M. G) [3] = 0.430 M, 0.445 M, 0.460 M, 0.475 M, 0.548 M, 
0.620 M, 0.692 M, and 0.762 M.  For clarity, concentration of 3 displayed in Figure 32C: 0 M, 


























































































































































Figure S8. Titration of 4 with BF3·OEt2. Titrations proceed from black to violet. A) [4] = 0 M, 
0.011 M, 0.017 M, 0.026 M, 0.034 M, 0.043 M, 0.050 M, and 0.060 M. B) [4] = 0.068 M, 0.076 
M, 0.085 M, 0.093 M, 0.101 M, 0.110 M, 0.118 M, and 0.127 M. C) [4] = 0.135 M, 0.143 M, 
0.151 M, 0.160 M, 0.168 M, 0.185 M, 0.200 M, and 0.218 M. D) [4] = 0.25 M, 0.266 M, 0.282 
M, 0.299 M, 0.315 M, 0.331 M, 0.410 M, and 0.488 M. E) Titration proceeds from black to yellow. 
[4] = 0.565 M, 0.641 M, 0.715 M, 0.788 M, 0.861 M, and 0.932M. For clarity, concentration of 4 
displayed in Figure 32D: 0 M, 0.068 M, 0.135 M, 0.217 M, 0.315 M, and 0.489 M.   
 
General procedure for InCl3 complexation. 











































































































bottom flask under inert atmosphere with a stir bar. The flask was sealed with septa, taken out of 
the box, and an Ar balloon was inserted. The flask was placed in a water bath in a jacketed 
beaker connected to an electric circulator set to 30 °C. Anhydrous DCE was added (12 mL, 166 
mM). The slurry was stirred for 15 minutes to reach temperature. Carbonyl was added in 10 µL 
increments to the 2nd equivalence point of carbonyl, then 20 μL increments were added until 3rd 
equivalence point was reached, then 100 µL injections were added until 6 equivalents of 
carbonyl were reached. Complexation was analyzed via real time infrared spectroscopy, using a 
Mettler Toledo ReactIR 15. Plotting and trendline analysis were performed with GraphPad Prism 
8 and Microsoft Excel.  
For 3 and 4: InCl3 (221 mg, 1 mmol) was added to a flame-dried 25 mL 2-neck round 
bottom flask under inert atmosphere with a stir bar. The flask was sealed with septa, taken out of 
the box, and an Ar balloon was inserted. The flask was placed in a water bath in a jacketed 
beaker connected to an electric circulator set to 30 °C. Anhydrous DCE was added (6 mL, 166 
mM). The slurry was stirred for 15 minutes to reach temperature. Carbonyl was added in 10 µL 
increments to the 2nd equivalence point of carbonyl, then 20 μL increments were added until 3rd 
equivalence point was reached, then 100 µL injections were added until 6 equivalents of 
carbonyl were reached. Complexation was analyzed via real time infrared spectroscopy, using a 
Mettler Toledo ReactIR 15. Plotting and trendline analysis were performed with GraphPad Prism 








Figure S9. Titration of 1 with InCl3. Titrations proceed from black to violet. A) [1] = 0 M, 0.011 
M, 0.022 M, 0.033 M, 0.045 M, 0.056 M, 0.067 M, and 0.078 M. B) [1] = 0.090 M, 0.100 M, 
0.122 M, 0.123 M, 0.134 M, 0.150 M, 0.167 M, and 0.183 M. C) [1] = 0.200 M, 0.216 M, 0.232 
M, 0.249 M, 0.265 M, 0.287 M, 0.308 M, and 0.330 M. D) [1] = 0.356 M, 0.383 M, 0.436 M, 
0.489 M, 0.592 M, 0.695 M, 0.795 M and 1.23 M. For clarity, concentration of 1 displayed in 












































































































   
 
Figure S10. Titration of 2 with InCl3. Titrations proceed from black to violet. A) [2] = 0 M, 0.007 
M, 0.014 M, 0.021 M, 0.029 M, 0.036 M, 0.043 M, and 0.050 M. B) [2] = 0.057 M, 0.064 M, 
0.071 M, 0.078 M, 0.085 M, 0.092 M, 0.099 M, and 0.106 M. C) [2] = 0.113 M, 0.120 M, 0.127 
M, 0.134 M, 0.141 M, 0.148 M, 0.155 M, and 0.161 M. D) [2] = 0.169 M, 0.175 M, 0.182 M, 
0.189 M, 0.196 M, 0.203 M, 0.209 M, and 0.216 M. E) [2] = 0.223 M, 0.230 M, 0.236 M, 0.243 
M, 0.250 M, 0.257 M, 0.263 M, 0.270 M, and 0.277 M. F) [2] = 0.284 M, 0.290 M, 0.297 M, 0.304 
M, 0.310 M, 0.317 M, 0.324 M, and 0.330 M. G) [2] = 0.356 M, 0.367 M, 0.383 M, 0.396 M, 
0.409 M, 0.421 M, 0.486 M, and 0.549 M.  H) [2] = 0.611 M, 0.672 M, 0.733 M, 0.792 M, 0.851 
M, 0.908 M, and 0.964 M. For clarity, concentration of 2 displayed in Figure 33B: 0 M, 0.071 M, 










































































































































































   
 
Figure S11.  Titration of 3 with InCl3. Titrations proceed from black to violet. A) [3] = 0 M, 0.008 
M, 0.016 M, 0.024 M, 0.033 M, 0.041 M, 0.049M, and 0.057 M. B) [3] = 0.065 M, 0.073 M, 0.081 
M, 0.089 M, 0.097 M, 0.105 M, 0.113 M, and 0.121 M. C) [3] = 0.129 M, 0.137 M, 0.145 M, 
0.161 M, 0.177 M, 0.192 M, 0.224 M, and 0.254 M. D) [3] = 0.316 M, 0.347 M, 0.378 M, 0.407 
M, 0.437 M, 0.467 M, 0.497 M, and 0.642 M. For clarity, concentration of 3 displayed in Figure 
33C: 0 M, 0.050 M, 0.145 M, 0.224 M, 0.347 M, and 0.497 M.  
 
General procedure for GaCl3 complexation. 
GaCl3 (176 mg, 1 mmol) was added to a flame-dried 25 mL 2-neck round bottom flask 
under inert atmosphere with a stir bar. The flask was sealed with septa, taken out of the box, and 
an Ar balloon was inserted. The flask was placed in a water bath in a jacketed beaker connected 
to an electric circulator set to 30 °C. Anhydrous DCE was added (6 mL, 163 mM). The 
homogeneous solution was stirred for 15 minutes to reach temperature. Carbonyl was added in 
10 µL increments to the 2nd equivalence point of carbonyl, then 20 μL increments were added 
until 3rd equivalence point was reached, then 100 µL injections were added until 6 equivalents 


























































































a Mettler Toledo ReactIR 15. Plotting and trendline analysis were performed with GraphPad 
Prism 8 and Microsoft Excel. 
 
 
Figure S12. Titration of 1 with GaCl3. Titrations proceed from black to violet. A) [1] = 0 M, 0.022 
M, 0.045 M, 0.067 M, 0.090 M, 0.112 M, 0.0134 M, and 0.156 M. B) [1] = 0.222 M, 0.243 M, 
0.265 M, 0.287 M, 0.308 M, 0.330 M, 0.351 M, and 0.372 M. For clarity, Concentration of 1 
displayed in Figure 34A: 0 M, 0.023 M, 0.045 M, 0.067 M, 0.112 M, 0.156 M.  
 
 
Figure S13. Titration of 1 with GaCl3. Titrations proceed from black to violet. [1] = 0.394 M, 




Figure S14. Titration of 2 with GaCl3. A) Titrations proceed from black to violet. [2] = 0 M, 0.014 
M,0.029 M, 0.043 M, 0.057 M, 0.071 M, 0.085 M, and 0.099 M. B) Titrations proceed from black 
to orange. [2] = 0.113 M, 0.127 M, 0.141 M, and 0.155 M. For clarity, concentration of 2 displayed 












































































































Figure S15. Titration of 2 with GaCl3. Titrations proceed from black to violet. A) [2] = 0.196 M, 
0.209 M, 0.223 M, 0.236 M, 0.250 M, 0.263 M, 0.277 M, and 0.290 M. B) [2] = 0.304 M, 0.317 
M, 0.343 M, 0.370 M, 0.396 M, 0.422 M, 0.447 M, and 0.721 M.  
 
 
Figure S16. Titration of 3 with GaCl3. Titration proceed from black to maroon. [3] = 0 M, 0.016 
M, 0.033 M, 0.049 M, 0.065 M, 0.081 M, 0.097 M, 0.113 M, 0.129 M, 0.145 M, and 0.161 M. For 
clarity, concentration of 3 displayed in Figure 34C: 0 M, 0.049 M, 0.081 M, 0.097 M, 0.129 M, 




Figure S17. Titration of 3 with GaCl3. Titrations proceed from black to violet. A) [3] = 0.177 M, 
0.192 M, 0.208 M, 0.224 M, 0.239 M, 0.255 M, 0.270 M, and 0.286 M. B) [3] = 0.301 M, 0.317 












































































































Figure S18. Titration of 4 with GaCl3. Titration proceed from black to marron. [4] = 0 M, 0.018 
M, 0.034 M, 0.051 M, 0.067 M, 0.085 M, 0.101 M, 0.118 M, 0.135 M, 0.151 M and 0.168 M. For 
clarity, Concentration of 4 displayed in Figure 34D: 0 M, 0.018 M, 0.034 M, 0.051 M, 0.068 and 
0.168 M. 
   
 
 
Figure S19. Titration of 4 with GaCl3. Titrations proceed from black to violet. A) [4] =0.185 M, 
0.201 M, 0.217 M, 0.234 M, 0.250 M, 0266 M, 0.282 M, and 0.299 M. B) [4] = 0.315 M, 0.331 
M, 0.363 M, 0.394 M, 0.426 M, 0.457 M, and 0.489 M.  
 
General procedure for TiCl4 complexation. 
TiCl4 (219 µL, 2 mmol) was added to a flame-dried 25 mL 2-neck round bottom flask 
under inert atmosphere with a stir bar. The flask was sealed with septa, taken out of the box, and 
an Ar balloon was inserted. The flask was placed in a water bath in a jacketed beaker connected 
to an electric circulator set to 30 °C. Anhydrous DCE was added (12 mL, 166 mM). The 
homogeneous solution was stirred for 15 minutes to reach temperature. Carbonyl was added in 
10 µL increments to the 2nd equivalence point of carbonyl, then 20 μL increments were added 
until 3rd equivalence point was reached, then 100 µL injections were added until 6 equivalents of 

































































Mettler Toledo ReactIR 15. Plotting and trendline analysis were performed with GraphPad Prism 




Figure S20. Titration of 1 with TiCl4. Titrations proceed from black to violet. A) [1] = 0 M, 0.011 
M, 0.022 M, 0.034 M, 0.045 M, 0.056 M, 0.067M, and 0.078 M. B) [1] = 0.090 M, 0.100 M, 0.112 
M, 0.123 M, 0.134 M, 0.145 M, 0.156 M, and 0.167M. C) Titrations proceed from black to yellow.  
[1] = 0.178 M, 0.189 M, 0.200 M, 0.211 M, and 0.222 M. For clarity, concentration of 1 displayed 




Figure S21. Titration of 1 with TiCl4. Titrations proceed from black to violet. A) [1] = 0. 232 M, 
0.243 M, 0.254 M, 0.265 M, 0.276 M, 0.287 M, 0.297 M, and 0.308 M. B) [1] = 0.330 M, 0.356 


















































































































Figure S22. Titration of 4 with TiCl4. Titration proceed from black to violet. [4] = 0 M, 0.034 M, 
0.068 M, 0.101 M, 0.135 M, 0.168 M, 0.217 M, 0.266 M, and 0.331 M.  For clarity concentration 




Figure S23. Titration of 4 with TiCl4. Titration proceed from black to red. [4] = 0.489 M, 0.641M, 
and 0.932 M.  
 
General procedure for SnCl4 complexation. 
SnCl4 (230 µL, 1.96 mmol) was added to a flame-dried 25 mL 2-neck round bottom flask 
under inert atmosphere with a stir bar. The flask was sealed with septa, taken out of the box, and 
an Ar balloon was inserted. The flask was placed in a water bath in a jacketed beaker connected 
to an electric circulator set to 30 °C. Anhydrous DCE was added (12 mL, 160 mM). The solution 
was stirred for 15 minutes to reach temperature. Carbonyl was added in 10 µL increments to the 
2nd equivalence point of carbonyl, then 20 μL increments were added until 3rd equivalence point 
was reached, then 100 µL injections were added until 6 equivalents of carbonyl were reached. 
Complexation was analyzed via real time infrared spectroscopy, using a Mettler Toledo ReactIR 

















































Figure S24. Titration of 1 with SnCl4. Titrations proceed from black to violet. A) [1] = 0 M, 0.011 
M, 0.022 M, 0.034 M, 0.045 M 0.056 M, 0.067 M, and 0.078 M. B) [1] = 0.090 M, 0.101 M, 0.122 
M, 0.134 M, 0.145 M, 0.156 M, 0.167 M. C) [1] = 0.178 M, 0.189 M, 0.200 M,  0.211 M, 0.222 
M, 0.232 M, 0.243 M, 0.254 M. D) [1] = 0.265 M, 0.276 M, 0.287 M, 0.297 M, 0.308 M, 0.330 
M, and 0.356 M. E) [1] = 0.383 M, 0.410 M, 0.436 M, 0.462 M, 0.489 M, 0.592 M, 0.695 M, 
0.795 M, 0.943 M, and 1.23 M.  For clarity, concentration of 1 displayed in Figure 38A: 0 M, 



















































































































Figure S25. Titration of 4 with SnCl4. A) Titrations proceed from black to blue. [4] = 0 M, 0.026 
M, 0.060 M, 0.093 M, 0.127 M and 0.160 M. B) Titrations proceed from red to violet. [4] = 0.201 
M, 0.250 M, 0.315 M, 0.473 M, 0.565 M, and 0.932 M. For clarity, concentration of 4 displayed 
in Figure 38B: 0 M, 0.026 M, 0.059 M, 0.093 M, 0.127 M, 0.160 M, and 0.315 M.  
 
General procedure for ZrCl4 complexation. 
ZrCl4 (233 mg, 1.00 mmol) was added to a flame-dried 25 mL 2-neck round bottom flask 
under inert atmosphere with a stir bar. The flask was sealed with septa, taken out of the box, and 
an Ar balloon was inserted. The flask was placed in a water bath in a jacketed beaker connected 
to an electric circulator set to 30 °C. Anhydrous DCE was added (6 mL, 166.7 mM). The 
solution was stirred for 15 minutes to reach temperature. Carbonyl was added in 10 µL 
increments to the 2nd equivalence point of carbonyl, then 20 μL increments were added until 4th 
equivalence point was reached. Complexation was analyzed via real time infrared spectroscopy, 
using a Mettler Toledo ReactIR 15. Plotting and trendline analysis were performed with 







































Figure S26. Titration of 1 with ZrCl4. Titrations proceed from red to violet. [1] = 0.243 M, 0.330 
M, 0.415 M, 0.500M, 0.582 M, and 0.664 M. For clarity, concentration of 1 displayed in Figure 
11A: 0 M, 0.011 M, 0.022 M, and 0.34 M. For clarity, concentration of 1 displayed in Figure 40E: 




Figure S27.  Titration of 2 with ZrCl4. Titrations proceed from red to violet. [2] = 0.115 M, 0.146 
M, 0.169 M, 0.201 M, 0.222 M, and 0.250 M.  For clarity, concentration of 2 displayed in Figure 
11B: 0 M, 0.007 M, 0.014 M, 0.021 M, and 0.029 M. For clarity, concentration of 2 displayed in 




Figure S28. Titration of 3 with ZrCl4. Titrations proceed from red to violet. [3] = 0.127 M, 0.175 
M, 0.203 M, 0.243 M, 0.284 M, and 0.324 M. For clarity, concentration of 3 displayed in Figure 
11C: 0 M, 0.008 M, 0.016 M, 0.024 M, and 0.032 M. For clarity, concentration of 3 displayed in 


































































Figure S29. Titration of 4 with ZrCl4. Titrations proceed from red to violet. [4] = 0.110 M, 0.126 
M, 0.168 M, 0.217 M, 0.250 M, and 0.331 M. For clarity, concentration of 4 displayed in Figure 
11D: 0 M, 0.009 M, 0.026 M, 0.034 M, and 0.043 M. For clarity, concentration of 4 displayed in 
Figure 40H: 0.059 M, 0.068 M, 0.076 M, 0.085 M, 0.093 M, and 0.101 M. 
 
General procedure for FeCl3 complexation: 
 FeCl3 (330 mg, 2 mmol) was added to a flame-dried 25 mL 2-neck round bottom flask 
under inert atmosphere with a stir bar. The flask was sealed with septa, taken out of the box, and 
an Ar balloon was inserted. The flask was placed in a water bath in a jacketed beaker connected 
to an electric circulator set to 30 °C. Anhydrous DCE was added (12 mL, 169 mM). The slurry 
was stirred for 15 minutes to reach temperature. Carbonyl was added in 10 µL increments to the 
2nd equivalence point of carbonyl, then 20 μL increments were added until 3rd equivalence point 
was reached, then 100 µL injections were added until 6 equivalents of carbonyl were reached. 
Complexation was analyzed via real time infrared spectroscopy, using a Mettler Toledo ReactIR 


























Figure S30. Titration of 1 with FeCl3. Titrations proceed from black to violet. A) [1] = 0 M, 0.011 
M, 0.022 M, 0.034 M, 0.045 M, 0.056 M, 0.067 M, and 0.078 M. B) [1] = 0.090 M, 0.101 M, 
0.112 M, 0.123 M, 0.134 M, 0.145 M, 0.156 M, 0.167 M, 0.178 M, and 0.189 M. For clarity, 




Figure S31. Titration of 1 with FeCl3. Titrations proceed from black to violet. A) [1] = 0.232 M, 
0.243 M, 0.254 M, 0.265 M, 0.276 M, 0.297 M, 0.319 M, and 0.340 M. B) [1] = 0.362 M, 0.383 
M, 0.404 M, 0.425 M, 0.447 M, 0.489 M, and 0.592 M. For clarity, Concentration of 1 displayed 




Figure S32. Titration of 2 with FeCl3. A) Titrations proceed from black to violet. [2] = 0 M, 0.007 
M, 0.014 M, 0.021 M, 0.029 M, 0.036 M, 0.043 M, and 0.050 M. B) Titrations proceed from black 
to pink. [2] = 0.057 M, 0.064 M, 0.071 M, 0.085 M, 0.099 M, 0.113 M, 0.127 M, 0.141 M, and 
0.154 M. For clarity, concentration of 2 displayed in Figure 42B: 0 M, 0.021 M, 0.043 M, 0.071 

































































































































Figure S33. Titration of 2 with FeCl3. Titrations proceed from black to violet. A) [2] = 0.168 M, 
0.182 M, 0.196 M, 0.209 M, 0.223 M, 0.236 M, 0.250 M, and 0.263 M. B) [2] = 0.277 M, 0.290 
M, 0.304 M, 0.317 M, 0.330 M, 0.396 M, 0.460 M, and 0.524 M. For clarity, concentration of 2 




Figure S34. Titration of 3 with FeCl3. Titrations proceed from black to pink. A) [3] = 0 M, 0.008 
M, 0.016 M, 0.024 M, 0.033 M, 0.041 M, 0.049 M, 0.057 M, 0.065 M, and 0.073 M. B) [3] = 
0.081 M, 0.089 M, 0.097 M, 0.105 M, 0.113 M, 0.121 M, 0.129 M, 0.137 M, 0.145 M, and 0.153 
M. For clarity, concentrations of 3 displayed in Figure 42C: 0 M, 0.033 M, 0.057 M, 0.081 M, 






























































































Figure S35. Titration of 3 with FeCl3. Titrations proceed from black to violet. A) [3] = 0.161 M, 
0.177 M, 0.192 M, 0.208 M, 0.224 M, 0.240 M, 0.255 M, and 0.270 M. B) [3] = 0.286 M, 0.301 
M, 0.316 M, 0.392 M, 0.467 M, 0.541 M, 0.613 M, 0.685 M, and 0.755 M. For clarity, 





Figure S36. Titration of 4 with FeCl3. Titrations proceed from black to pink. A) [4] = 0 M, 0.009 
M, 0.017 M, 0.026 M, 0.034 M, 0.043 M, 0.051 M, 0.055 M, 0.059 M, 0.068 M, and 0.076 M. B) 
[4] = 0.085 M, 0.093 M, 0.101 M, 0.110 M, 0.118 M, 0.127 M, 0.135 M, 0.143 M, 0.151 M, 0.160 
M, and 0.168 M. For clarity, concentration of 4 displayed in Figure 42D: 0 M, 0.034 M, 0.068 M, 
































































































Figure S37. Titration of 4 with FeCl3. Titrations proceed from black to violet. A) [4] = 0.185 M, 
0.201 M, 0.217 M, 0.234 M, 0.250 M, 0.266 M, 0.282 M, 0.299 M, and 0.315 M. B) [4] = 0.331 
M, 0.347 M, 0.362 M, 0.378 M, 0.394 M, 0.410 M, 0.489 M, 0.565 M, and 0.641 M. For clarity, 
Concentration of 4 displayed in Figure 42H:  0.168 M, 0.217 M, 0.266 M, 0.331 M, 0.488 M, 
0.641 M.  
 
General procedure for AlCl3 complexation:  
AlCl3 (267 mg, 2 mmol) was added to a flame-dried 25 mL 2-neck round bottom flask 
under inert atmosphere with a stir bar. The flask was sealed with septa, taken out of the box, and 
an Ar balloon was inserted. The flask was placed in a water bath in a jacketed beaker connected 
to an electric circulator set to 30 °C. Anhydrous DCE was added (12 mL, 166 mM). The slurry 
was stirred for 15 minutes to reach temperature. Carbonyl was added in 10 µL increments to the 
2nd equivalence point of carbonyl, then 20 μL increments were added until 3rd equivalence point 
was reached, then 100 µL injections were added until 6 equivalents of carbonyl were reached. 
Complexation was analyzed via real time infrared spectroscopy, using a Mettler Toledo ReactIR 
















































Figure S38. Titration of 1 with AlCl3. Titrations proceed from black to violet. A) [1] = 0 M, 0.011 
M, 0.022 M, 0.034 M, 0.045 M, 0.056 M, and 0.067 M. B) [1] = 0.078 M, 0.090 M, 0.101 M, 
0.112 M, 0.123 M, 0.133 M, and 0.145 M. 1. For clarity, concentration of 1 displayed in Figure 




Figure S39. Titration of 1 with AlCl3. Titrations proceed from black to pink. A) [1] 0.243 M, 0.254 
M, 0.265 M, 0.276 M, 0.287 M, 0.297 M, 0.308 M, 0.319 M, 0.330 M, and 0.356 M.  B) [1] = 
0.383 M, 0.410 M, 0.436 M, 0.489 M, 0.592 M, 0.695 M, 0.795 M, 0.894 M, and 1.223 M. For 
clarity, Concentration of 1 displayed in Figure 45E: 0.244 M, 0.308 M, 0.356 M, 0.436 M, 0.592 




























































































Figure S40. Titration of 2 with AlCl3. Titrations proceed from black to pink. A) [2] = 0.007 M, 
0.014 M, 0.021 M, 0.029 M, 0.036 M, 0.043 M, 0.050 M, 0.057 M, and 0.064 M. B) [2] = 0.071 
M, 0.085 M, 0.092 M, 0.099 M, 0.106 M, 0.113 M, 0.120 M, 0.127 M, and 0.134 M. C) Titrations 
proceed from black to violet. [2] = 0.141 M, 0.148 M, 0.154 M, 0.168 M, 0.175 M, 0.182 M, 0.189 
M, and 0.196 M.  For clarity, concentration of 2 displayed in Figure 45B: 0 M, 0.036 M, 0.071 M, 























































































Figure S41. Titration of 2 with AlCl3. Titrations proceed from black to pink. A) [2] = 0.229 M, 
0.230 M, 0.236 M, 0.243 M, 0.250 M, 0.257 M, 0.263 M, 0.270 M, 0.277 M, and 0.284 M. B) [2] 
= 0.297 M, 0.306 M, 0.310 M, 0.317 M, 0.324 M, 0.330 M, 0.343 M, 0.356 M, 0.370 M, and 0.383 
M. C) [2] = 0.396 M, 0.409 M, 0.421 M, 0.436 M, 0.447 M, 0.460 M, 0.473 M, 0.486 M, 0.549 
M, and 0.611 M. D) Titrations proceed from black to yellow. [2] = 0.672 M, 0.733 M, 0.792 M, 
0.851 M, 0.908 M, and 0.964 M.  For clarity, concentration of 2 displayed in Figure 45F: 0.203 




Figure S42. Titration of 3 with AlCl3. Titrations proceed from black to violet. A) [3] = 0 M, 0.008 
M, 0.016 M, 0.024 M, 0.035 M, 0.043 M, 0.049 M, 0.057 M, 0.065 M, and 0.073 M. B) [2] = 
0.073 M, 0.081 M, 0.089 M, 0.097 M, 0.105 M, 0.113 M, 0.121 M, 0.129 M, 0.137 M, 0.145 M, 
and 0.153 M. For clarity, concentration of 3 displayed in Figure 45C: 0 M, 0.043 M, 0.065 M, 































































































































Figure S43. Titration of 3 with AlCl3. Titrations proceed from black to violet. A) [3] = 0.259 M, 
0.263 M, 0.270 M, 0.278 M, 0.286 M, 0.293 M, 0.301 M, 0.309 M, 0.316 M, and 0.324 M. B) [3] 
= 0.339 M, 0.354 M, 0.370 M, 0.385 M, 0.400 M, 0.415 M, 0.430 M, 0.445 M, 0.460 M, and 0.475 
M. C) Titrations proceed from black to green. [3] = 0.489 M, 0.563 M, 0.635 M, 0.706 M, 0.776 
M, 0.844 M, and 0.912 M. For clarity, Concentration of 3 displayed in Figure 45G: 0.255 M, 0.339 




Figure S44. Titration of 4 with AlCl3. Titrations proceed from black to pink. A) [4] = 0 M, 0.011 
M, 0.017 M, 0.026 M, 0.034 M, 0.043 M, 0.051 M, 0.059 M, 0.068 M, 0.076 M, and 0.085 M. B) 
[4] = 0.084 M, 0.093 M, 0.101 M, 0.110 M, 0118 M, 0.127 M, 0.135 M, 0.143 M, 0.151 M, 0.160 
M, 0.168 M, and 0.185 M. For clarity, concentration of 4 displayed in Figure 45D: 0 M, 0.011 M, 

















































































Figure S45. Titration of 4 with AlCl3. Titrations proceed from black to violet. A) [4] = 0.201 M, 
0.217 M, 0.234 M, 0.250 M, 0.266 M, 0.282 M, 0.299 M, 0.315 M, and 0.331 M. B) [4] = 0.410 
M, 0.488 M, 0.565 M, 0.640 M, 0.715 M, 0.789 M, 0.861 M, and 0.932 M. For clarity, 
Concentration of 4 displayed in Figure 45H: 0.200 M, 0.250 M, 0.299 M, 0.410 M, 0.488 M, and 




Figure S46. Beer-Lambert relationship for 1.  
 































































Figure S48. Beer-Lambert relationship for 3. 
 
 
Figure S49. Beer-Lambert relationship for 4. 
 
GaCl3 Complexation. 










4 (equiv) COBS (a.u) 
Total volume 
(L) 
COBS (a.u *L) 
0.00E+00 -1.48E-02 1.20E-02 -8.86E-05 0.00E+00 -2.40E-03 1.20E-02 -1.44E-05 
1.03E-01 7.13E-03 1.20E-02 4.29E-05 1.03E-01 -1.84E-03 1.20E-02 -1.11E-05 
2.05E-01 2.87E-02 1.20E-02 1.73E-04 2.05E-01 -2.44E-03 1.20E-02 -1.47E-05 
3.08E-01 5.02E-02 1.20E-02 3.03E-04 3.08E-01 -2.76E-03 1.20E-02 -1.66E-05 
4.10E-01 7.13E-02 1.20E-02 4.31E-04 4.10E-01 -2.64E-03 1.20E-02 -1.59E-05 
5.13E-01 9.22E-02 1.21E-02 5.58E-04 5.13E-01 -3.15E-03 1.21E-02 -1.90E-05 
6.15E-01 1.13E-01 1.21E-02 6.83E-04 6.15E-01 -4.85E-03 1.21E-02 -2.94E-05 
7.18E-01 1.31E-01 1.21E-02 7.94E-04 7.18E-01 -5.05E-03 1.21E-02 -3.06E-05 
8.20E-01 1.54E-01 1.21E-02 9.36E-04 8.20E-01 -5.11E-03 1.21E-02 -3.10E-05 
9.23E-01 1.77E-01 1.21E-02 1.08E-03 9.23E-01 -5.77E-03 1.21E-02 -3.51E-05 
1.03E+00 1.85E-01 1.21E-02 1.13E-03 1.03E+00 3.11E-03 1.21E-02 1.90E-05 
1.13E+00 1.84E-01 1.21E-02 1.12E-03 1.13E+00 1.55E-02 1.21E-02 9.49E-05 




























1.23E+00 1.83E-01 1.21E-02 1.12E-03 1.23E+00 2.94E-02 1.21E-02 1.80E-04 
1.33E+00 1.83E-01 1.21E-02 1.12E-03 1.33E+00 4.40E-02 1.21E-02 2.70E-04 
1.44E+00 1.83E-01 1.21E-02 1.12E-03 1.44E+00 5.67E-02 1.21E-02 3.48E-04 
1.54E+00 1.83E-01 1.22E-02 1.13E-03 1.54E+00 7.11E-02 1.22E-02 4.37E-04 
1.64E+00 1.82E-01 1.22E-02 1.12E-03 1.64E+00 8.35E-02 1.22E-02 5.14E-04 
1.74E+00 1.81E-01 1.22E-02 1.12E-03 1.74E+00 9.62E-02 1.22E-02 5.93E-04 
1.85E+00 1.81E-01 1.22E-02 1.12E-03 1.85E+00 1.08E-01 1.22E-02 6.69E-04 
1.95E+00 1.81E-01 1.22E-02 1.12E-03 1.95E+00 1.19E-01 1.22E-02 7.34E-04 
2.05E+00 1.81E-01 1.22E-02 1.12E-03 2.05E+00 1.30E-01 1.22E-02 8.05E-04 
2.26E+00 1.79E-01 1.22E-02 1.11E-03 2.26E+00 1.52E-01 1.22E-02 9.45E-04 
2.46E+00 1.79E-01 1.22E-02 1.11E-03 2.46E+00 1.72E-01 1.22E-02 1.08E-03 
2.67E+00 1.78E-01 1.23E-02 1.11E-03 2.67E+00 1.93E-01 1.23E-02 1.21E-03 
2.87E+00 1.77E-01 1.23E-02 1.11E-03 2.87E+00 2.11E-01 1.23E-02 1.33E-03 
3.08E+00 1.77E-01 1.23E-02 1.11E-03 3.08E+00 2.30E-01 1.23E-02 1.45E-03 
4.10E+00 1.71E-01 1.24E-02 1.09E-03 4.10E+00 3.79E-01 1.24E-02 2.43E-03 
5.13E+00 1.65E-01 1.25E-02 1.07E-03 5.13E+00 4.91E-01 1.25E-02 3.19E-03 
6.15E+00 1.61E-01 1.26E-02 1.06E-03 6.15E+00 5.84E-01 1.26E-02 3.85E-03 
 
Table S1 summarizes the normalization of the absorbance of the max of 4 observed 
(COBS) and coordination complex (CCOORD), which was determined by Eq. 1, where DCE and 4 
added are in liters and max of COBS is at 1734 cm
-1 and max of CCOORD is at 1602 cm
-1.  
TiCl4 Complexation. 
Table S2. Complexation between 1 and TiCl4 used in Figure 37A. 
19 1 
1 (equiv) 1665 cm-1 (a.u) Total volume (L) CCOORD (a.u *L) 1 (equiv) 1714 cm
-1 (a.u) Total volume (L) COBS (a.u *L) 
0.000E+00 -1.019E-03 1.200E-02 -1.223E-05 0.000E+00 -1.340E-03 1.200E-02 -1.609E-05 
5.128E-02 1.772E-02 1.201E-02 2.128E-04 5.128E-02 -1.165E-03 1.201E-02 -1.399E-05 
1.026E-01 3.212E-02 1.202E-02 3.860E-04 1.026E-01 -5.478E-04 1.202E-02 -6.585E-06 
1.538E-01 4.416E-02 1.203E-02 5.312E-04 1.538E-01 -9.058E-04 1.203E-02 -1.090E-05 
2.051E-01 5.543E-02 1.204E-02 6.674E-04 2.051E-01 -6.611E-04 1.204E-02 -7.960E-06 
2.564E-01 6.660E-02 1.205E-02 8.025E-04 2.564E-01 -7.950E-04 1.205E-02 -9.580E-06 
3.077E-01 7.693E-02 1.206E-02 9.278E-04 3.077E-01 7.441E-05 1.206E-02 8.974E-07 
3.590E-01 8.684E-02 1.207E-02 1.048E-03 3.590E-01 3.603E-04 1.207E-02 4.348E-06 
4.103E-01 9.579E-02 1.208E-02 1.157E-03 4.103E-01 -3.895E-04 1.208E-02 -4.705E-06 
4.615E-01 1.059E-01 1.209E-02 1.280E-03 4.615E-01 4.993E-04 1.209E-02 6.036E-06 
5.128E-01 1.139E-01 1.210E-02 1.378E-03 5.128E-01 9.029E-04 1.210E-02 1.092E-05 
5.641E-01 1.234E-01 1.211E-02 1.494E-03 5.641E-01 -8.362E-04 1.211E-02 -1.013E-05 
6.154E-01 1.319E-01 1.212E-02 1.599E-03 6.154E-01 2.028E-03 1.212E-02 2.458E-05 
6.667E-01 1.395E-01 1.213E-02 1.693E-03 6.667E-01 2.523E-03 1.213E-02 3.060E-05 
7.179E-01 1.474E-01 1.214E-02 1.789E-03 7.179E-01 2.727E-03 1.214E-02 3.310E-05 
7.692E-01 1.548E-01 1.215E-02 1.880E-03 7.692E-01 3.593E-03 1.215E-02 4.366E-05 
8.205E-01 1.622E-01 1.216E-02 1.972E-03 8.205E-01 3.841E-03 1.216E-02 4.671E-05 
8.718E-01 1.691E-01 1.217E-02 2.058E-03 8.718E-01 4.621E-03 1.217E-02 5.624E-05 
9.231E-01 1.763E-01 1.218E-02 2.147E-03 9.231E-01 5.525E-03 1.218E-02 6.730E-05 
9.744E-01 1.822E-01 1.219E-02 2.221E-03 9.744E-01 5.898E-03 1.219E-02 7.189E-05 
1.026E+00 1.894E-01 1.220E-02 2.310E-03 1.026E+00 6.977E-03 1.220E-02 8.512E-05 
1.077E+00 1.953E-01 1.221E-02 2.385E-03 1.077E+00 7.663E-03 1.221E-02 9.356E-05 
1.128E+00 2.012E-01 1.222E-02 2.459E-03 1.128E+00 8.904E-03 1.222E-02 1.088E-04 
1.179E+00 2.067E-01 1.223E-02 2.528E-03 1.179E+00 9.880E-03 1.223E-02 1.208E-04 
1.231E+00 2.122E-01 1.224E-02 2.597E-03 1.231E+00 1.082E-02 1.224E-02 1.324E-04 
1.282E+00 2.163E-01 1.225E-02 2.650E-03 1.282E+00 1.243E-02 1.225E-02 1.522E-04 
1.333E+00 2.209E-01 1.226E-02 2.709E-03 1.333E+00 1.367E-02 1.226E-02 1.675E-04 
1.385E+00 2.244E-01 1.227E-02 2.753E-03 1.385E+00 1.516E-02 1.227E-02 1.860E-04 
1.436E+00 2.274E-01 1.228E-02 2.793E-03 1.436E+00 1.798E-02 1.228E-02 2.208E-04 
1.487E+00 2.297E-01 1.229E-02 2.824E-03 1.487E+00 2.175E-02 1.229E-02 2.673E-04 




1.667E+00 2.330E-01 1.233E-02 2.872E-03 1.667E+00 3.907E-02 1.233E-02 4.815E-04 
1.795E+00 2.335E-01 1.235E-02 2.884E-03 1.795E+00 5.401E-02 1.235E-02 6.670E-04 
1.923E+00 2.336E-01 1.238E-02 2.891E-03 1.923E+00 6.798E-02 1.238E-02 8.412E-04 
2.051E+00 2.302E-01 1.240E-02 2.854E-03 2.051E+00 7.970E-02 1.240E-02 9.883E-04 
2.308E+00 2.289E-01 1.245E-02 2.849E-03 2.308E+00 1.049E-01 1.245E-02 1.306E-03 
2.821E+00 2.256E-01 1.255E-02 2.831E-03 2.821E+00 1.619E-01 1.255E-02 2.032E-03 
3.333E+00 2.224E-01 1.265E-02 2.814E-03 3.333E+00 2.105E-01 1.265E-02 2.662E-03 
3.846E+00 2.154E-01 1.275E-02 2.746E-03 3.846E+00 2.527E-01 1.275E-02 3.221E-03 
5.385E+00 2.082E-01 1.305E-02 2.718E-03 5.385E+00 3.763E-01 1.305E-02 4.911E-03 
 
Table S2 summarizes the normalization of the absorbance of the max of 1 observed 
(COBS) and coordination complex (CCOORD), which was determined by Eq. 1. Where DCE and 1 
added are in liters and max of COBS is at 1714 cm
-1 and max of CCOORD is at 1665 cm
-1.  
Table S3. Complexation between 4 and TiCl4 used in Figure 37B.  
 
20 4 
4 (equiv) 1626 cm-1 (a.u) Total Volume (L) CCOORD (a.u *L) 4 (equiv) 1734 cm
-1 (a.u) Total Volume (L) COBS (a.u *L) 
0.00E+00 4.14E-03 1.200E-02 4.97E-05 0.00E+00 3.24E-04 1.200E-02 3.89E-06 
5.13E-02 1.57E-02 1.201E-02 1.88E-04 5.13E-02 6.35E-04 1.201E-02 7.63E-06 
1.03E-01 2.84E-02 1.202E-02 3.42E-04 1.03E-01 5.06E-04 1.202E-02 6.08E-06 
1.54E-01 4.05E-02 1.203E-02 4.87E-04 1.54E-01 2.84E-04 1.203E-02 3.42E-06 
2.05E-01 5.34E-02 1.204E-02 6.43E-04 2.05E-01 5.51E-04 1.204E-02 6.63E-06 
2.56E-01 6.42E-02 1.205E-02 7.74E-04 2.56E-01 5.53E-05 1.205E-02 6.67E-07 
3.08E-01 7.52E-02 1.206E-02 9.08E-04 3.08E-01 8.34E-04 1.206E-02 1.01E-05 
3.59E-01 8.58E-02 1.207E-02 1.04E-03 3.59E-01 3.03E-04 1.207E-02 3.66E-06 
4.10E-01 9.57E-02 1.208E-02 1.16E-03 4.10E-01 2.52E-04 1.208E-02 3.05E-06 
4.62E-01 1.05E-01 1.209E-02 1.27E-03 4.62E-01 3.37E-04 1.209E-02 4.07E-06 
5.13E-01 1.15E-01 1.210E-02 1.39E-03 5.13E-01 7.24E-04 1.210E-02 8.76E-06 
5.64E-01 1.23E-01 1.211E-02 1.49E-03 5.64E-01 8.94E-04 1.211E-02 1.08E-05 
6.15E-01 1.30E-01 1.212E-02 1.57E-03 6.15E-01 -1.65E-03 1.212E-02 -2.00E-05 
6.67E-01 1.38E-01 1.213E-02 1.67E-03 6.67E-01 -2.32E-03 1.213E-02 -2.81E-05 
7.18E-01 1.47E-01 1.214E-02 1.78E-03 7.18E-01 -1.52E-03 1.214E-02 -1.84E-05 
7.69E-01 1.56E-01 1.215E-02 1.89E-03 7.69E-01 -1.18E-03 1.215E-02 -1.43E-05 
8.21E-01 1.63E-01 1.216E-02 1.99E-03 8.21E-01 -1.05E-03 1.216E-02 -1.28E-05 
8.72E-01 1.71E-01 1.217E-02 2.08E-03 8.72E-01 -1.12E-03 1.217E-02 -1.36E-05 
9.23E-01 1.79E-01 1.218E-02 2.18E-03 9.23E-01 -2.81E-04 1.218E-02 -3.42E-06 
9.74E-01 1.87E-01 1.219E-02 2.27E-03 9.74E-01 -1.70E-04 1.219E-02 -2.07E-06 
1.03E+00 1.94E-01 1.220E-02 2.37E-03 1.03E+00 9.49E-04 1.220E-02 1.16E-05 
1.13E+00 2.08E-01 1.222E-02 2.54E-03 1.13E+00 3.55E-04 1.222E-02 4.34E-06 
1.23E+00 2.20E-01 1.224E-02 2.70E-03 1.23E+00 3.32E-04 1.224E-02 4.06E-06 
1.33E+00 2.32E-01 1.226E-02 2.85E-03 1.33E+00 7.37E-04 1.226E-02 9.04E-06 
1.44E+00 2.43E-01 1.228E-02 2.99E-03 1.44E+00 1.14E-03 1.228E-02 1.40E-05 
1.54E+00 2.54E-01 1.230E-02 3.12E-03 1.54E+00 1.88E-03 1.230E-02 2.31E-05 
1.64E+00 2.64E-01 1.232E-02 3.25E-03 1.64E+00 2.91E-03 1.232E-02 3.58E-05 
1.74E+00 2.73E-01 1.234E-02 3.37E-03 1.74E+00 4.06E-03 1.234E-02 5.01E-05 
1.85E+00 2.81E-01 1.236E-02 3.47E-03 1.85E+00 5.17E-03 1.236E-02 6.40E-05 
1.95E+00 2.89E-01 1.238E-02 3.58E-03 1.95E+00 6.42E-03 1.238E-02 7.95E-05 
2.05E+00 2.97E-01 1.240E-02 3.68E-03 2.05E+00 7.97E-03 1.240E-02 9.89E-05 
2.15E+00 3.05E-01 1.242E-02 3.78E-03 2.15E+00 1.00E-02 1.242E-02 1.24E-04 
2.26E+00 3.11E-01 1.244E-02 3.87E-03 2.26E+00 1.25E-02 1.244E-02 1.56E-04 
2.36E+00 3.19E-01 1.246E-02 3.97E-03 2.36E+00 1.57E-02 1.246E-02 1.96E-04 
2.46E+00 3.23E-01 1.248E-02 4.04E-03 2.46E+00 1.93E-02 1.248E-02 2.41E-04 
2.56E+00 3.29E-01 1.250E-02 4.11E-03 2.56E+00 2.42E-02 1.250E-02 3.03E-04 
2.67E+00 3.31E-01 1.252E-02 4.15E-03 2.67E+00 3.13E-02 1.252E-02 3.92E-04 
2.77E+00 3.33E-01 1.254E-02 4.18E-03 2.77E+00 3.92E-02 1.254E-02 4.92E-04 
2.87E+00 3.35E-01 1.256E-02 4.20E-03 2.87E+00 4.82E-02 1.256E-02 6.05E-04 
2.97E+00 3.36E-01 1.258E-02 4.22E-03 2.97E+00 5.76E-02 1.258E-02 7.24E-04 
3.08E+00 3.36E-01 1.260E-02 4.23E-03 3.08E+00 6.81E-02 1.260E-02 8.58E-04 




4.10E+00 3.29E-01 1.280E-02 4.22E-03 4.10E+00 2.42E-01 1.280E-02 3.10E-03 
4.62E+00 3.25E-01 1.290E-02 4.19E-03 4.62E+00 3.16E-01 1.290E-02 4.07E-03 
5.13E+00 3.21E-01 1.300E-02 4.17E-03 5.13E+00 3.79E-01 1.300E-02 4.93E-03 
5.64E+00 3.17E-01 1.310E-02 4.15E-03 5.64E+00 4.37E-01 1.310E-02 5.72E-03 
6.15E+00 3.12E-01 1.320E-02 4.12E-03 6.15E+00 4.88E-01 1.320E-02 6.45E-03 
 
Table S3 summarizes the normalization of the absorbance of the max of 4 observed 
(COBS) and coordination complex (CCOORD), which was determined by Eq. 1. Where DCE and 4 
added are in liters and max of COBS is at 1734 cm
-1 and max of CCOORD is at 1626 cm
-1.  
SnCl4 Complexation: 
Table S4. Complexation between 1 and SnCl4 used in Figure 39A. 
22 1 
1 (equiv) 1659 cm-1 (a.u) Total Volume (L) CCOORD (a.u*L) 1 (equiv) 1714 cm
-1 (a.u) Total Volume (L) COBS (a.u *L) 
0.000E+00 1.440E-03 1.200E-02 1.728E-05 0.000E+00 1.715E-03 1.200E-02 2.058E-05 
6.667E-02 1.303E-02 1.201E-02 1.565E-04 6.667E-02 4.015E-03 1.201E-02 4.822E-05 
1.333E-01 2.317E-02 1.202E-02 2.785E-04 1.333E-01 5.814E-03 1.202E-02 6.989E-05 
2.000E-01 3.261E-02 1.203E-02 3.923E-04 2.000E-01 7.741E-03 1.203E-02 9.313E-05 
2.667E-01 4.154E-02 1.204E-02 5.001E-04 2.667E-01 1.030E-02 1.204E-02 1.240E-04 
3.333E-01 4.948E-02 1.205E-02 5.962E-04 3.333E-01 1.246E-02 1.205E-02 1.501E-04 
4.000E-01 5.715E-02 1.206E-02 6.892E-04 4.000E-01 1.421E-02 1.206E-02 1.714E-04 
4.667E-01 6.365E-02 1.207E-02 7.682E-04 4.667E-01 1.657E-02 1.207E-02 2.000E-04 
5.333E-01 7.002E-02 1.208E-02 8.459E-04 5.333E-01 1.887E-02 1.208E-02 2.279E-04 
6.000E-01 7.611E-02 1.209E-02 9.202E-04 6.000E-01 2.166E-02 1.209E-02 2.618E-04 
6.667E-01 8.155E-02 1.210E-02 9.867E-04 6.667E-01 2.395E-02 1.210E-02 2.898E-04 
7.333E-01 8.711E-02 1.211E-02 1.055E-03 7.333E-01 2.639E-02 1.211E-02 3.196E-04 
8.000E-01 9.132E-02 1.212E-02 1.107E-03 8.000E-01 2.901E-02 1.212E-02 3.516E-04 
8.667E-01 9.623E-02 1.213E-02 1.167E-03 8.667E-01 3.198E-02 1.213E-02 3.879E-04 
9.333E-01 1.003E-01 1.214E-02 1.217E-03 9.333E-01 3.502E-02 1.214E-02 4.251E-04 
1.000E+00 1.036E-01 1.215E-02 1.259E-03 1.000E+00 3.829E-02 1.215E-02 4.652E-04 
1.067E+00 1.073E-01 1.216E-02 1.305E-03 1.067E+00 4.164E-02 1.216E-02 5.063E-04 
1.133E+00 1.105E-01 1.217E-02 1.345E-03 1.133E+00 4.480E-02 1.217E-02 5.452E-04 
1.200E+00 1.143E-01 1.218E-02 1.393E-03 1.200E+00 4.940E-02 1.218E-02 6.017E-04 
1.267E+00 1.164E-01 1.219E-02 1.419E-03 1.267E+00 5.345E-02 1.219E-02 6.516E-04 
1.333E+00 1.191E-01 1.220E-02 1.454E-03 1.333E+00 5.685E-02 1.220E-02 6.936E-04 
1.400E+00 1.210E-01 1.221E-02 1.477E-03 1.400E+00 6.071E-02 1.221E-02 7.413E-04 
1.467E+00 1.225E-01 1.222E-02 1.497E-03 1.467E+00 6.515E-02 1.222E-02 7.962E-04 
1.533E+00 1.244E-01 1.223E-02 1.522E-03 1.533E+00 6.927E-02 1.223E-02 8.472E-04 
1.600E+00 1.261E-01 1.224E-02 1.544E-03 1.600E+00 7.368E-02 1.224E-02 9.018E-04 
1.667E+00 1.278E-01 1.225E-02 1.565E-03 1.667E+00 7.798E-02 1.225E-02 9.553E-04 
1.733E+00 1.292E-01 1.226E-02 1.584E-03 1.733E+00 8.277E-02 1.226E-02 1.015E-03 
1.800E+00 1.301E-01 1.227E-02 1.596E-03 1.800E+00 8.695E-02 1.227E-02 1.067E-03 
1.867E+00 1.311E-01 1.228E-02 1.609E-03 1.867E+00 9.176E-02 1.228E-02 1.127E-03 
2.000E+00 1.325E-01 1.230E-02 1.630E-03 2.000E+00 1.008E-01 1.230E-02 1.240E-03 
2.167E+00 1.354E-01 1.233E-02 1.669E-03 2.167E+00 1.128E-01 1.233E-02 1.391E-03 
2.333E+00 1.369E-01 1.235E-02 1.691E-03 2.333E+00 1.253E-01 1.235E-02 1.548E-03 
2.500E+00 1.389E-01 1.238E-02 1.719E-03 2.500E+00 1.379E-01 1.238E-02 1.707E-03 
2.667E+00 1.394E-01 1.240E-02 1.729E-03 2.667E+00 1.491E-01 1.240E-02 1.849E-03 
3.000E+00 1.408E-01 1.245E-02 1.752E-03 3.000E+00 1.798E-01 1.245E-02 2.238E-03 
3.667E+00 1.423E-01 1.255E-02 1.786E-03 3.667E+00 2.300E-01 1.255E-02 2.886E-03 
4.333E+00 1.428E-01 1.265E-02 1.806E-03 4.333E+00 2.754E-01 1.265E-02 3.484E-03 
5.000E+00 1.435E-01 1.275E-02 1.830E-03 5.000E+00 3.155E-01 1.275E-02 4.022E-03 





Table S4 summarizes the normalization of the absorbance of the max of 1 observed 
(COBS) and coordination complex (CCOORD), which was determined by Eq. 1. Where DCE and 1 
added are in liters and max of COBS is at 1714 cm
-1 and max of CCOORD is at 1659 cm
-1.  
Table S5. Complexation between 4 and SnCl4 used in Figure 39B.  
21   4  
4 (equiv) 1629 cm-1 (a.u) Total Volume (L) CCOORD (au *L) 4 (equiv) 1734 cm
-1 (a.u) Total Volume (L) COBS (a.u*L) 
0.000E+00 -9.624E-03 1.200E-02 -1.155E-04 0.000E+00 -5.683E-03 1.200E-02 -6.819E-05 
5.114E-02 3.399E-03 1.201E-02 4.082E-05 5.114E-02 1.137E-03 1.201E-02 1.365E-05 
1.023E-01 1.194E-02 1.202E-02 1.435E-04 1.023E-01 2.856E-03 1.202E-02 3.433E-05 
1.534E-01 1.938E-02 1.203E-02 2.332E-04 1.534E-01 3.575E-03 1.203E-02 4.301E-05 
2.045E-01 2.630E-02 1.204E-02 3.167E-04 2.045E-01 4.764E-03 1.204E-02 5.736E-05 
2.557E-01 3.309E-02 1.205E-02 3.987E-04 2.557E-01 5.336E-03 1.205E-02 6.430E-05 
3.068E-01 4.013E-02 1.206E-02 4.840E-04 3.068E-01 7.129E-03 1.206E-02 8.598E-05 
3.580E-01 4.676E-02 1.207E-02 5.644E-04 3.580E-01 8.267E-03 1.207E-02 9.978E-05 
4.091E-01 5.320E-02 1.208E-02 6.426E-04 4.091E-01 9.489E-03 1.208E-02 1.146E-04 
4.602E-01 5.875E-02 1.209E-02 7.103E-04 4.602E-01 1.048E-02 1.209E-02 1.267E-04 
5.114E-01 6.454E-02 1.210E-02 7.810E-04 5.114E-01 1.163E-02 1.210E-02 1.407E-04 
5.625E-01 6.982E-02 1.211E-02 8.455E-04 5.625E-01 1.293E-02 1.211E-02 1.565E-04 
6.136E-01 7.553E-02 1.212E-02 9.154E-04 6.136E-01 1.385E-02 1.212E-02 1.679E-04 
6.648E-01 8.093E-02 1.213E-02 9.816E-04 6.648E-01 1.491E-02 1.213E-02 1.809E-04 
7.159E-01 8.599E-02 1.214E-02 1.044E-03 7.159E-01 1.527E-02 1.214E-02 1.854E-04 
7.670E-01 9.063E-02 1.215E-02 1.101E-03 7.670E-01 1.621E-02 1.215E-02 1.969E-04 
8.182E-01 9.537E-02 1.216E-02 1.160E-03 8.182E-01 1.751E-02 1.216E-02 2.129E-04 
8.693E-01 9.988E-02 1.217E-02 1.215E-03 8.693E-01 1.806E-02 1.217E-02 2.198E-04 
9.205E-01 1.035E-01 1.218E-02 1.261E-03 9.205E-01 1.910E-02 1.218E-02 2.326E-04 
9.716E-01 1.078E-01 1.219E-02 1.314E-03 9.716E-01 2.008E-02 1.219E-02 2.448E-04 
1.023E+00 1.120E-01 1.220E-02 1.367E-03 1.023E+00 2.099E-02 1.220E-02 2.561E-04 
1.125E+00 1.196E-01 1.222E-02 1.462E-03 1.125E+00 2.319E-02 1.222E-02 2.834E-04 
1.227E+00 1.267E-01 1.224E-02 1.551E-03 1.227E+00 2.619E-02 1.224E-02 3.206E-04 
1.330E+00 1.337E-01 1.226E-02 1.640E-03 1.330E+00 2.874E-02 1.226E-02 3.523E-04 
1.432E+00 1.403E-01 1.228E-02 1.723E-03 1.432E+00 3.130E-02 1.228E-02 3.844E-04 
1.534E+00 1.464E-01 1.230E-02 1.801E-03 1.534E+00 3.406E-02 1.230E-02 4.189E-04 
1.636E+00 1.504E-01 1.232E-02 1.853E-03 1.636E+00 3.648E-02 1.232E-02 4.494E-04 
1.739E+00 1.557E-01 1.234E-02 1.921E-03 1.739E+00 4.032E-02 1.234E-02 4.975E-04 
1.841E+00 1.604E-01 1.236E-02 1.983E-03 1.841E+00 4.394E-02 1.236E-02 5.431E-04 
1.943E+00 1.647E-01 1.238E-02 2.038E-03 1.943E+00 4.828E-02 1.238E-02 5.977E-04 
2.045E+00 1.694E-01 1.240E-02 2.100E-03 2.045E+00 5.259E-02 1.240E-02 6.521E-04 
2.148E+00 1.729E-01 1.242E-02 2.148E-03 2.148E+00 5.725E-02 1.242E-02 7.111E-04 
2.250E+00 1.753E-01 1.244E-02 2.181E-03 2.250E+00 6.090E-02 1.244E-02 7.576E-04 
2.352E+00 1.788E-01 1.246E-02 2.228E-03 2.352E+00 6.603E-02 1.246E-02 8.227E-04 
2.455E+00 1.813E-01 1.248E-02 2.262E-03 2.455E+00 7.088E-02 1.248E-02 8.846E-04 
2.557E+00 1.836E-01 1.250E-02 2.295E-03 2.557E+00 7.671E-02 1.250E-02 9.589E-04 
2.659E+00 1.856E-01 1.252E-02 2.323E-03 2.659E+00 8.207E-02 1.252E-02 1.027E-03 
2.761E+00 1.877E-01 1.254E-02 2.354E-03 2.761E+00 8.808E-02 1.254E-02 1.105E-03 
2.864E+00 1.895E-01 1.256E-02 2.381E-03 2.864E+00 9.429E-02 1.256E-02 1.184E-03 
2.966E+00 1.905E-01 1.258E-02 2.397E-03 2.966E+00 1.002E-01 1.258E-02 1.261E-03 
3.068E+00 1.925E-01 1.260E-02 2.425E-03 3.068E+00 1.072E-01 1.260E-02 1.351E-03 
3.170E+00 1.929E-01 1.262E-02 2.435E-03 3.170E+00 1.142E-01 1.262E-02 1.442E-03 
3.682E+00 1.995E-01 1.272E-02 2.538E-03 3.682E+00 1.847E-01 1.272E-02 2.350E-03 
4.193E+00 2.003E-01 1.282E-02 2.568E-03 4.193E+00 2.482E-01 1.282E-02 3.182E-03 
4.705E+00 1.995E-01 1.292E-02 2.578E-03 4.705E+00 3.085E-01 1.292E-02 3.985E-03 
5.216E+00 1.992E-01 1.302E-02 2.594E-03 5.216E+00 3.635E-01 1.302E-02 4.733E-03 
5.727E+00 1.977E-01 1.312E-02 2.594E-03 5.727E+00 4.147E-01 1.312E-02 5.440E-03 





Table S5 summarizes the normalization of the absorbance of the max of 4 observed 
(COBS) and coordination complex (CCOORD), which was determined by Eq. 1. Where DCE and 4 
added are in liters and max of COBS is at 1734 cm
-1 and max of CCOORD is at 1629 cm
-1. 
FeCl3 Complexation. 























l 6 (a.u*L) 
0.00E+00 1.36E-02 1.20E-02 1.64E-04 0.00E+00 0.00E+00 -8.90E-03 1.20E-02 -1.07E-04 -1.07E-04 3.48E-05 
5.11E-02 2.79E-02 1.20E-02 3.35E-04 1.03E-04 5.11E-02 -6.33E-03 1.20E-02 -7.60E-05 -7.60E-05 1.05E-04 
1.02E-01 3.99E-02 1.20E-02 4.80E-04 2.05E-04 1.02E-01 -7.08E-03 1.20E-02 -8.51E-05 -8.51E-05 1.75E-04 
1.53E-01 5.23E-02 1.20E-02 6.29E-04 3.08E-04 1.53E-01 -6.01E-03 1.20E-02 -7.23E-05 -7.23E-05 2.45E-04 
2.05E-01 6.35E-02 1.20E-02 7.65E-04 4.10E-04 2.05E-01 -6.10E-03 1.20E-02 -7.34E-05 -7.34E-05 3.15E-04 
2.56E-01 7.48E-02 1.21E-02 9.01E-04 5.13E-04 2.56E-01 -5.29E-03 1.21E-02 -6.37E-05 -6.37E-05 3.85E-04 
3.07E-01 8.48E-02 1.21E-02 1.02E-03 6.15E-04 3.07E-01 -5.05E-03 1.21E-02 -6.09E-05 -6.09E-05 4.55E-04 
3.58E-01 9.55E-02 1.21E-02 1.15E-03 7.18E-04 3.58E-01 -4.19E-03 1.21E-02 -5.06E-05 -5.06E-05 5.25E-04 
4.09E-01 1.05E-01 1.21E-02 1.27E-03 8.20E-04 4.09E-01 -3.56E-03 1.21E-02 -4.30E-05 -4.30E-05 5.95E-04 
4.60E-01 1.15E-01 1.21E-02 1.39E-03 8.92E-04 4.60E-01 -3.07E-03 1.21E-02 -3.72E-05 -3.72E-05 6.65E-04 
5.11E-01 1.24E-01 1.21E-02 1.50E-03 9.72E-04 5.11E-01 -3.99E-03 1.21E-02 -4.83E-05 -4.83E-05 7.35E-04 
5.63E-01 1.33E-01 1.21E-02 1.61E-03 1.06E-03 5.63E-01 -3.32E-03 1.21E-02 -4.02E-05 -4.02E-05 8.05E-04 
6.14E-01 1.43E-01 1.21E-02 1.73E-03 1.14E-03 6.14E-01 -2.98E-03 1.21E-02 -3.61E-05 -3.61E-05 8.75E-04 
6.65E-01 1.53E-01 1.21E-02 1.85E-03 1.24E-03 6.65E-01 -1.52E-03 1.21E-02 -1.84E-05 -1.84E-05 9.45E-04 
7.16E-01 1.62E-01 1.21E-02 1.97E-03 1.32E-03 7.16E-01 -7.37E-04 1.21E-02 -8.95E-06 -8.95E-06 1.02E-03 
7.67E-01 1.72E-01 1.22E-02 2.09E-03 1.41E-03 7.67E-01 -2.98E-04 1.22E-02 -3.62E-06 -3.62E-06 1.09E-03 
8.18E-01 1.86E-01 1.22E-02 2.27E-03 1.55E-03 8.18E-01 1.45E-03 1.22E-02 1.76E-05 1.76E-05 1.16E-03 
8.69E-01 1.90E-01 1.22E-02 2.31E-03 1.58E-03 8.69E-01 4.08E-03 1.22E-02 4.97E-05 4.97E-05 1.23E-03 
9.20E-01 1.95E-01 1.22E-02 2.37E-03 1.62E-03 9.20E-01 4.77E-03 1.22E-02 5.81E-05 5.81E-05 1.30E-03 
9.72E-01 1.97E-01 1.22E-02 2.40E-03 1.65E-03 9.72E-01 7.03E-03 1.22E-02 8.57E-05 8.57E-05 1.37E-03 
1.02E+00 1.96E-01 1.22E-02 2.39E-03 1.64E-03 1.02E+00 1.04E-02 1.22E-02 1.27E-04 1.27E-04 1.44E-03 
1.13E+00 1.91E-01 1.22E-02 2.33E-03 1.59E-03 1.13E+00 1.96E-02 1.22E-02 2.40E-04 2.40E-04 1.58E-03 
1.23E+00 1.88E-01 1.22E-02 2.30E-03 1.57E-03 1.23E+00 3.31E-02 1.22E-02 4.05E-04 4.05E-04 1.72E-03 
1.33E+00 1.86E-01 1.23E-02 2.28E-03 1.55E-03 1.33E+00 4.67E-02 1.23E-02 5.72E-04 5.72E-04 1.86E-03 
1.43E+00 1.85E-01 1.23E-02 2.27E-03 1.54E-03 1.43E+00 6.12E-02 1.23E-02 7.52E-04 7.52E-04 2.00E-03 
1.53E+00 1.83E-01 1.23E-02 2.25E-03 1.53E-03 1.53E+00 7.32E-02 1.23E-02 9.00E-04 9.00E-04 2.14E-03 
1.64E+00 1.81E-01 1.23E-02 2.23E-03 1.51E-03 1.64E+00 8.55E-02 1.23E-02 1.05E-03 1.05E-03 2.28E-03 
1.74E+00 1.79E-01 1.23E-02 2.21E-03 1.50E-03 1.74E+00 9.78E-02 1.23E-02 1.21E-03 1.21E-03 2.42E-03 
1.84E+00 1.77E-01 1.24E-02 2.19E-03 1.48E-03 1.84E+00 1.12E-01 1.24E-02 1.38E-03 1.38E-03 2.56E-03 
1.94E+00 1.76E-01 1.24E-02 2.18E-03 1.47E-03 1.94E+00 1.26E-01 1.24E-02 1.56E-03 1.56E-03 2.70E-03 
2.05E+00 1.74E-01 1.24E-02 2.16E-03 1.46E-03 2.05E+00 1.39E-01 1.24E-02 1.73E-03 1.73E-03 2.84E-03 
2.15E+00 1.71E-01 1.24E-02 2.13E-03 1.44E-03 2.15E+00 1.53E-01 1.24E-02 1.90E-03 1.90E-03 2.98E-03 
2.25E+00 1.71E-01 1.24E-02 2.12E-03 1.43E-03 2.25E+00 1.67E-01 1.24E-02 2.07E-03 2.07E-03 3.12E-03 
2.35E+00 1.69E-01 1.25E-02 2.11E-03 1.42E-03 2.35E+00 1.78E-01 1.25E-02 2.22E-03 2.22E-03 3.26E-03 
2.45E+00 1.69E-01 1.25E-02 2.10E-03 1.42E-03 2.45E+00 1.92E-01 1.25E-02 2.40E-03 2.40E-03 3.40E-03 
2.56E+00 1.67E-01 1.25E-02 2.09E-03 1.41E-03 2.56E+00 2.06E-01 1.25E-02 2.57E-03 2.57E-03 3.54E-03 
3.07E+00 1.60E-01 1.26E-02 2.01E-03 1.35E-03 3.07E+00 2.88E-01 1.26E-02 3.63E-03 3.63E-03 4.24E-03 
3.58E+00 1.51E-01 1.27E-02 1.91E-03 1.27E-03 3.58E+00 3.89E-01 1.27E-02 4.93E-03 4.93E-03 4.94E-03 
4.09E+00 1.43E-01 1.28E-02 1.84E-03 1.22E-03 4.09E+00 4.76E-01 1.28E-02 6.10E-03 6.10E-03 5.64E-03 
4.60E+00 1.37E-01 1.29E-02 1.77E-03 1.17E-03 4.60E+00 5.58E-01 1.29E-02 7.20E-03 7.20E-03 6.34E-03 
5.11E+00 1.31E-01 1.30E-02 1.71E-03 1.12E-03 5.11E+00 6.28E-01 1.30E-02 8.16E-03 8.16E-03 7.04E-03 
5.63E+00 1.26E-01 1.31E-02 1.65E-03 1.07E-03 5.63E+00 6.98E-01 1.31E-02 9.14E-03 9.14E-03 7.74E-03 
6.14E+00 1.22E-01 1.32E-02 1.60E-03 1.04E-03 6.14E+00 7.62E-01 1.32E-02 1.01E-02 1.01E-02 8.44E-03 
 
Table S6 summarizes the normalization of the absorbance of the max of 4 observed 
(COBS) and coordination complex (CCOORD), which was determined by Eq. 1. Where DCE and 4 
added are in liters and max of COBS is at 1734 cm
-1 and max of CCOORD is at 1600 cm




Theoretical 4 (a.u *L) was calculated by taking CADD (M) and utilizing the Beer-Lambert 
relationship of unbound 4 (Figure S49) to find the theoretical absorbance for COBS. 
Table S7. Data for Beer-Lambert relationship of 34. 














Figure S50. Beer-Lambert relationship of 34, where [34] = [4]added.  
Relationship was defined where absorbance of monomer was directly related to 





            Eq. 2 
Using Eq. 2, monomer signal was converted to concentration based on the Beer-Lambert plot 
that was generated for monomer, where concentration is equal to concentration of carbonyl 




added for the range of data that was used to generate the Beer-Lambert plot. Concentration was 
then converted into moles by multiplying by the total volume of the reaction mixture.  
Table S8. Calculated CCOORD based on Figure S50. 
 
4 (equiv) CADD (M) CCOORD (a.u ) CCOORD (M) CCOORD (moles) 
0.00E+00 0.00E+00 1.36E-02 0.00E+00 0.00E+00 
5.11E-02 8.53E-03 2.79E-02 8.53E-03 1.03E-04 
1.02E-01 1.71E-02 3.99E-02 1.71E-02 2.05E-04 
1.53E-01 2.56E-02 5.23E-02 2.56E-02 3.08E-04 
2.05E-01 3.41E-02 6.35E-02 3.41E-02 4.10E-04 
2.56E-01 4.25E-02 7.48E-02 4.25E-02 5.13E-04 
3.07E-01 5.10E-02 8.48E-02 5.10E-02 6.15E-04 
3.58E-01 5.94E-02 9.55E-02 5.94E-02 7.18E-04 
4.09E-01 6.79E-02 1.05E-01 6.79E-02 8.20E-04 
4.60E-01 7.63E-02 1.15E-01 7.55E-02 9.12E-04 
5.11E-01 8.47E-02 1.24E-01 8.23E-02 9.96E-04 
5.63E-01 9.31E-02 1.33E-01 8.95E-02 1.08E-03 
6.14E-01 1.01E-01 1.43E-01 9.69E-02 1.17E-03 
6.65E-01 1.10E-01 1.53E-01 1.05E-01 1.27E-03 
7.16E-01 1.18E-01 1.62E-01 1.12E-01 1.36E-03 
7.67E-01 1.27E-01 1.72E-01 1.19E-01 1.45E-03 
8.18E-01 1.35E-01 1.86E-01 1.31E-01 1.59E-03 
8.69E-01 1.43E-01 1.90E-01 1.33E-01 1.62E-03 
9.20E-01 1.51E-01 1.95E-01 1.37E-01 1.67E-03 
9.72E-01 1.60E-01 1.97E-01 1.39E-01 1.69E-03 
1.02E+00 1.68E-01 1.96E-01 1.38E-01 1.68E-03 
1.13E+00 1.85E-01 1.91E-01 1.34E-01 1.64E-03 
1.23E+00 2.01E-01 1.88E-01 1.32E-01 1.62E-03 
1.33E+00 2.17E-01 1.86E-01 1.30E-01 1.60E-03 
1.43E+00 2.34E-01 1.85E-01 1.29E-01 1.59E-03 
1.53E+00 2.50E-01 1.83E-01 1.28E-01 1.57E-03 
1.64E+00 2.66E-01 1.81E-01 1.26E-01 1.56E-03 
1.74E+00 2.82E-01 1.79E-01 1.25E-01 1.55E-03 
1.84E+00 2.99E-01 1.77E-01 1.23E-01 1.53E-03 
1.94E+00 3.15E-01 1.76E-01 1.22E-01 1.52E-03 
2.05E+00 3.31E-01 1.74E-01 1.21E-01 1.50E-03 
2.15E+00 3.47E-01 1.71E-01 1.19E-01 1.48E-03 
2.25E+00 3.63E-01 1.71E-01 1.19E-01 1.47E-03 
2.35E+00 3.78E-01 1.69E-01 1.17E-01 1.46E-03 
2.45E+00 3.94E-01 1.69E-01 1.17E-01 1.46E-03 
2.56E+00 4.10E-01 1.67E-01 1.16E-01 1.45E-03 
3.07E+00 4.88E-01 1.60E-01 1.10E-01 1.39E-03 
3.58E+00 5.65E-01 1.51E-01 1.03E-01 1.31E-03 
4.09E+00 6.41E-01 1.43E-01 9.75E-02 1.25E-03 
4.60E+00 7.15E-01 1.37E-01 9.27E-02 1.20E-03 
5.11E+00 7.88E-01 1.31E-01 8.80E-02 1.14E-03 
5.63E+00 8.61E-01 1.26E-01 8.41E-02 1.10E-03 
6.14E+00 9.32E-01 1.22E-01 8.05E-02 1.06E-03 
 
Moles of monomer missing in Figure 15D was calculated using Eq. 3 
𝑀𝑜𝑙𝑒𝑠 𝑜𝑓 𝑚𝑜𝑛𝑜𝑚𝑒𝑟 𝑐𝑜𝑛𝑠𝑢𝑚𝑒𝑑 = 𝐶𝑀𝐴𝑋 − 𝐶𝐶𝑂𝑂𝑅𝐷        Eq.3 
CND in Figure 15D was calculated using Eq. 4 




Table S9. Data used in Figure 44D. 
  


































0.000E+00 -1.857E-03 1.200E-02 -2.228E-05 0.000E+00 0.000E+00 2.729E-04 1.200E-02 3.275E-06 0.000E+00 -4.264E-04 
6.759E-02 8.795E-03 1.201E-02 1.056E-04 1.352E-04 6.759E-02 4.338E-04 1.201E-02 5.210E-06 0.000E+00 -4.233E-04 
1.352E-01 2.026E-02 1.202E-02 2.435E-04 2.703E-04 1.352E-01 8.310E-04 1.202E-02 9.988E-06 0.000E+00 -4.150E-04 
2.028E-01 3.110E-02 1.203E-02 3.741E-04 4.055E-04 2.028E-01 1.784E-03 1.203E-02 2.146E-05 0.000E+00 -3.947E-04 
2.703E-01 4.083E-02 1.204E-02 4.916E-04 5.407E-04 2.703E-01 1.773E-03 1.204E-02 2.134E-05 0.000E+00 -3.953E-04 
3.379E-01 4.969E-02 1.205E-02 5.988E-04 6.759E-04 3.379E-01 2.229E-03 1.205E-02 2.686E-05 0.000E+00 -3.857E-04 
4.055E-01 5.858E-02 1.206E-02 7.065E-04 8.110E-04 4.055E-01 2.291E-03 1.206E-02 2.763E-05 0.000E+00 -3.847E-04 
4.731E-01 6.835E-02 1.207E-02 8.250E-04 9.462E-04 4.731E-01 2.656E-03 1.207E-02 3.206E-05 0.000E+00 -3.771E-04 
5.407E-01 7.708E-02 1.208E-02 9.311E-04 1.081E-03 5.407E-01 3.069E-03 1.208E-02 3.708E-05 0.000E+00 -3.684E-04 
6.083E-01 8.610E-02 1.209E-02 1.041E-03 1.188E-03 6.083E-01 3.942E-03 1.209E-02 4.766E-05 0.000E+00 -3.497E-04 
6.759E-01 9.550E-02 1.210E-02 1.156E-03 1.318E-03 6.759E-01 3.450E-03 1.210E-02 4.175E-05 0.000E+00 -3.607E-04 
7.434E-01 1.052E-01 1.211E-02 1.274E-03 1.453E-03 7.434E-01 3.716E-03 1.211E-02 4.500E-05 0.000E+00 -3.552E-04 
8.110E-01 1.148E-01 1.212E-02 1.392E-03 1.587E-03 8.110E-01 3.829E-03 1.212E-02 4.641E-05 0.000E+00 -3.530E-04 
8.786E-01 1.243E-01 1.213E-02 1.508E-03 1.719E-03 8.786E-01 4.734E-03 1.213E-02 5.743E-05 0.000E+00 -3.335E-04 
9.462E-01 1.265E-01 1.214E-02 1.536E-03 1.751E-03 9.462E-01 6.889E-03 1.214E-02 8.363E-05 0.000E+00 -2.867E-04 
1.014E+00 1.257E-01 1.215E-02 1.527E-03 1.741E-03 1.014E+00 8.262E-03 1.215E-02 1.004E-04 0.000E+00 -2.569E-04 
1.081E+00 1.236E-01 1.216E-02 1.503E-03 1.714E-03 1.081E+00 1.091E-02 1.216E-02 1.327E-04 0.000E+00 -1.990E-04 
1.149E+00 1.219E-01 1.217E-02 1.484E-03 1.692E-03 1.149E+00 1.396E-02 1.217E-02 1.699E-04 0.000E+00 -1.324E-04 
1.217E+00 1.192E-01 1.218E-02 1.452E-03 1.656E-03 1.217E+00 1.733E-02 1.218E-02 2.110E-04 0.000E+00 -5.865E-05 
1.284E+00 1.158E-01 1.219E-02 1.412E-03 1.610E-03 1.284E+00 1.946E-02 1.219E-02 2.372E-04 0.000E+00 -1.181E-05 
1.352E+00 1.136E-01 1.220E-02 1.386E-03 1.580E-03 1.352E+00 2.335E-02 1.220E-02 2.849E-04 3.190E-04 7.365E-05 
1.419E+00 1.120E-01 1.221E-02 1.368E-03 1.560E-03 1.419E+00 2.798E-02 1.221E-02 3.417E-04 3.943E-04 1.755E-04 
1.487E+00 1.092E-01 1.222E-02 1.335E-03 1.522E-03 1.487E+00 3.132E-02 1.222E-02 3.827E-04 4.695E-04 2.491E-04 
1.554E+00 1.073E-01 1.223E-02 1.312E-03 1.496E-03 1.554E+00 3.618E-02 1.223E-02 4.424E-04 5.448E-04 3.563E-04 
1.622E+00 1.054E-01 1.224E-02 1.290E-03 1.471E-03 1.622E+00 3.982E-02 1.224E-02 4.875E-04 6.200E-04 4.371E-04 
1.690E+00 1.048E-01 1.225E-02 1.283E-03 1.464E-03 1.690E+00 4.554E-02 1.225E-02 5.579E-04 6.953E-04 5.636E-04 
1.757E+00 1.036E-01 1.226E-02 1.271E-03 1.449E-03 1.757E+00 4.991E-02 1.226E-02 6.119E-04 7.705E-04 6.604E-04 
1.825E+00 1.013E-01 1.227E-02 1.243E-03 1.418E-03 1.825E+00 5.481E-02 1.227E-02 6.725E-04 8.458E-04 7.692E-04 
1.892E+00 1.002E-01 1.228E-02 1.230E-03 1.403E-03 1.892E+00 5.938E-02 1.228E-02 7.292E-04 9.210E-04 8.710E-04 
1.960E+00 9.971E-02 1.229E-02 1.225E-03 1.398E-03 1.960E+00 6.475E-02 1.229E-02 7.958E-04 9.963E-04 9.905E-04 
2.028E+00 9.900E-02 1.230E-02 1.218E-03 1.389E-03 2.028E+00 7.074E-02 1.230E-02 8.701E-04 1.072E-03 1.124E-03 
2.197E+00 9.900E-02 1.233E-02 1.220E-03 1.392E-03 2.197E+00 7.074E-02 1.233E-02 8.718E-04 1.260E-03 1.126E-03 
2.366E+00 9.513E-02 1.235E-02 1.175E-03 1.340E-03 2.366E+00 9.645E-02 1.235E-02 1.191E-03 1.448E-03 1.700E-03 
2.534E+00 9.317E-02 1.238E-02 1.153E-03 1.315E-03 2.534E+00 1.080E-01 1.238E-02 1.337E-03 1.636E-03 1.962E-03 
2.703E+00 9.264E-02 1.240E-02 1.149E-03 1.311E-03 2.703E+00 1.210E-01 1.240E-02 1.501E-03 1.824E-03 2.256E-03 
2.872E+00 9.052E-02 1.243E-02 1.125E-03 1.283E-03 2.872E+00 1.330E-01 1.243E-02 1.653E-03 2.012E-03 2.529E-03 
3.041E+00 8.969E-02 1.245E-02 1.117E-03 1.274E-03 3.041E+00 1.439E-01 1.245E-02 1.792E-03 2.200E-03 2.778E-03 
3.717E+00 8.597E-02 1.255E-02 1.079E-03 1.231E-03 3.717E+00 1.925E-01 1.255E-02 2.416E-03 2.953E-03 3.900E-03 
4.393E+00 8.268E-02 1.265E-02 1.046E-03 1.194E-03 4.393E+00 2.344E-01 1.265E-02 2.965E-03 3.705E-03 4.885E-03 
5.069E+00 8.061E-02 1.275E-02 1.028E-03 1.173E-03 5.069E+00 2.729E-01 1.275E-02 3.480E-03 4.458E-03 5.808E-03 
6.083E+00 7.810E-02 1.290E-02 1.007E-03 1.150E-03 6.083E+00 3.288E-01 1.290E-02 4.241E-03 5.230E-03 7.175E-03 
8.110E+00 7.428E-02 1.320E-02 9.805E-04 1.119E-03 8.110E+00 4.222E-01 1.320E-02 5.573E-03 7.844E-03 9.563E-03 
 
Table S10 summarizes the normalization of the absorbance of the max of 1 observed 




Where DCE and 3 added are in liters and max of COBS is at 1714 cm
-1 and max of CCOORD is at 
1640 cm-1. Theoretical 1 (a.u *L) was calculated by taking CADD (M) and utilizing the Beer-
Lambert relationship of unbound 1 (Figure S46) to find the theoretical absorbance for COBS. 
Table S11. Raw data for Beer-Lambert relationship of 35. 












Figure S51. Beer-Lambert relationship of 35, where [35] = [1]added.  
Relationship was defined where absorbance of monomer was directly related to 
concentration of 1 added until 0.5 equivalents. Relationship >0.5 equiv determined by 
extrapolation. 
Using Eq. 2, monomer signal was converted to concentration based on the Beer-Lambert 
plot that was generated for monomer, where concentration is equal to concentration of carbonyl 




added for the range of data that was used to generate the Beer-Lambert plot. Concentration was 
then converted into moles by multiplying by the total volume of the reaction mixture.  
Table S12. Calculated CCOORD based on Figure S51.  
1 (equiv) CADD (M)  CCOORD (a.u) CCOORD (M) CCOORD (moles) 
0.00E+00 0.00E+00 -1.857E-03 0.00E+00 0.00E+00 
6.76E-02 1.13E-02 8.795E-03 1.13E-02 1.35E-04 
1.35E-01 2.25E-02 2.026E-02 2.25E-02 2.70E-04 
2.03E-01 3.37E-02 3.110E-02 3.37E-02 4.06E-04 
2.70E-01 4.49E-02 4.083E-02 4.49E-02 5.41E-04 
3.38E-01 5.61E-02 4.969E-02 5.61E-02 6.76E-04 
4.06E-01 6.72E-02 5.858E-02 6.72E-02 8.11E-04 
4.73E-01 7.84E-02 6.835E-02 7.84E-02 9.46E-04 
5.41E-01 8.95E-02 7.708E-02 8.95E-02 1.08E-03 
6.08E-01 1.01E-01 8.610E-02 9.82E-02 1.19E-03 
6.76E-01 1.12E-01 9.550E-02 1.09E-01 1.32E-03 
7.43E-01 1.23E-01 1.052E-01 1.20E-01 1.45E-03 
8.11E-01 1.34E-01 1.148E-01 1.31E-01 1.59E-03 
8.79E-01 1.45E-01 1.243E-01 1.42E-01 1.72E-03 
9.46E-01 1.56E-01 1.265E-01 1.44E-01 1.75E-03 
1.01E+00 1.67E-01 1.257E-01 1.43E-01 1.74E-03 
1.08E+00 1.78E-01 1.236E-01 1.41E-01 1.71E-03 
1.15E+00 1.89E-01 1.219E-01 1.39E-01 1.69E-03 
1.22E+00 2.00E-01 1.192E-01 1.36E-01 1.66E-03 
1.28E+00 2.11E-01 1.158E-01 1.32E-01 1.61E-03 
1.35E+00 2.22E-01 1.136E-01 1.30E-01 1.58E-03 
1.42E+00 2.32E-01 1.120E-01 1.28E-01 1.56E-03 
1.49E+00 2.43E-01 1.092E-01 1.25E-01 1.52E-03 
1.55E+00 2.54E-01 1.073E-01 1.22E-01 1.50E-03 
1.62E+00 2.65E-01 1.054E-01 1.20E-01 1.47E-03 
1.69E+00 2.76E-01 1.048E-01 1.19E-01 1.46E-03 
1.76E+00 2.87E-01 1.036E-01 1.18E-01 1.45E-03 
1.82E+00 2.97E-01 1.013E-01 1.16E-01 1.42E-03 
1.89E+00 3.08E-01 1.002E-01 1.14E-01 1.40E-03 
1.96E+00 3.19E-01 9.971E-02 1.14E-01 1.40E-03 
2.03E+00 3.30E-01 9.900E-02 1.13E-01 1.39E-03 
2.20E+00 3.56E-01 9.900E-02 1.13E-01 1.39E-03 
2.37E+00 3.83E-01 9.513E-02 1.09E-01 1.34E-03 
2.53E+00 4.10E-01 9.317E-02 1.06E-01 1.32E-03 
2.70E+00 4.36E-01 9.264E-02 1.06E-01 1.31E-03 
2.87E+00 4.62E-01 9.052E-02 1.03E-01 1.28E-03 
3.04E+00 4.89E-01 8.969E-02 1.02E-01 1.27E-03 
3.72E+00 5.92E-01 8.597E-02 9.81E-02 1.23E-03 
4.39E+00 6.95E-01 8.268E-02 9.44E-02 1.19E-03 
5.07E+00 7.95E-01 8.061E-02 9.20E-02 1.17E-03 
6.08E+00 9.43E-01 7.810E-02 8.91E-02 1.15E-03 
8.11E+00 1.23E+00 7.428E-02 8.48E-02 1.12E-03 
 
Moles of monomer missing in Figure 47A was calculated using Eq. 3 







Table S13. Data used in Figure 47A. 












Table S14. Complexation between 2 and AlCl3 used in Figure 46B.  
 
36 2 
2 (equiv) 1560 cm-1 (a.u) Total volume (L) CCOORD (a.u *L) 2 (equiv) 1685 cm
-1 (a.u) Total volume (L) COBS (a.u *L) 
0.000E+00 1.713E-05 1.200E-02 2.056E-07 0.000E+00 0.000E+00 1.091E-03 1.200E-02 
4.292E-02 6.130E-03 1.201E-02 7.362E-05 8.583E-05 4.292E-02 1.024E-03 1.201E-02 
8.583E-02 1.442E-02 1.202E-02 1.733E-04 1.717E-04 8.583E-02 9.188E-04 1.202E-02 
1.288E-01 2.285E-02 1.203E-02 2.749E-04 2.575E-04 1.288E-01 1.476E-03 1.203E-02 
1.717E-01 2.955E-02 1.204E-02 3.558E-04 3.433E-04 1.717E-01 2.582E-03 1.204E-02 
2.146E-01 3.730E-02 1.205E-02 4.495E-04 4.292E-04 2.146E-01 2.159E-03 1.205E-02 
2.575E-01 4.437E-02 1.206E-02 5.351E-04 5.150E-04 2.575E-01 2.429E-03 1.206E-02 
3.004E-01 5.045E-02 1.207E-02 6.089E-04 6.008E-04 3.004E-01 2.822E-03 1.207E-02 
3.433E-01 5.766E-02 1.208E-02 6.965E-04 6.867E-04 3.433E-01 2.839E-03 1.208E-02 
3.863E-01 6.456E-02 1.209E-02 7.805E-04 7.725E-04 3.863E-01 3.020E-03 1.209E-02 
4.292E-01 7.002E-02 1.210E-02 8.472E-04 8.583E-04 4.292E-01 3.083E-03 1.210E-02 
4.721E-01 7.743E-02 1.211E-02 9.377E-04 9.442E-04 4.721E-01 3.269E-03 1.211E-02 
5.150E-01 8.462E-02 1.212E-02 1.026E-03 1.030E-03 5.150E-01 3.400E-03 1.212E-02 
5.579E-01 9.092E-02 1.213E-02 1.103E-03 1.101E-03 5.579E-01 3.359E-03 1.213E-02 
6.008E-01 9.676E-02 1.214E-02 1.175E-03 1.173E-03 6.008E-01 3.364E-03 1.214E-02 
6.438E-01 1.032E-01 1.215E-02 1.253E-03 1.253E-03 6.438E-01 3.424E-03 1.215E-02 
6.867E-01 1.107E-01 1.216E-02 1.346E-03 1.346E-03 6.867E-01 4.064E-03 1.216E-02 
7.296E-01 1.186E-01 1.217E-02 1.444E-03 1.444E-03 7.296E-01 3.973E-03 1.217E-02 
7.725E-01 1.279E-01 1.218E-02 1.557E-03 1.558E-03 7.725E-01 3.966E-03 1.218E-02 
8.154E-01 1.340E-01 1.219E-02 1.633E-03 1.635E-03 8.154E-01 3.828E-03 1.219E-02 
8.583E-01 1.434E-01 1.220E-02 1.749E-03 1.752E-03 8.583E-01 3.759E-03 1.220E-02 
9.013E-01 1.513E-01 1.221E-02 1.847E-03 1.850E-03 9.013E-01 3.681E-03 1.221E-02 
9.442E-01 1.599E-01 1.222E-02 1.954E-03 1.957E-03 9.442E-01 3.733E-03 1.222E-02 
9.871E-01 1.691E-01 1.223E-02 2.069E-03 2.073E-03 9.871E-01 3.676E-03 1.223E-02 
1.030E+00 1.776E-01 1.224E-02 2.173E-03 2.178E-03 1.030E+00 3.819E-03 1.224E-02 
1.073E+00 1.807E-01 1.225E-02 2.213E-03 2.218E-03 1.073E+00 4.746E-03 1.225E-02 
1.116E+00 1.807E-01 1.226E-02 2.216E-03 2.221E-03 1.116E+00 8.793E-03 1.226E-02 
1.159E+00 1.801E-01 1.227E-02 2.210E-03 2.215E-03 1.159E+00 1.326E-02 1.227E-02 
1.202E+00 1.798E-01 1.228E-02 2.208E-03 2.213E-03 1.202E+00 1.789E-02 1.228E-02 
1.245E+00 1.791E-01 1.229E-02 2.201E-03 2.206E-03 1.245E+00 2.194E-02 1.229E-02 
1.288E+00 1.784E-01 1.230E-02 2.195E-03 2.200E-03 1.288E+00 2.600E-02 1.230E-02 
1.330E+00 1.781E-01 1.231E-02 2.193E-03 2.198E-03 1.330E+00 3.057E-02 1.231E-02 
1.373E+00 1.781E-01 1.232E-02 2.194E-03 2.199E-03 1.373E+00 3.549E-02 1.232E-02 
1.416E+00 1.775E-01 1.233E-02 2.188E-03 2.193E-03 1.416E+00 3.898E-02 1.233E-02 
1.459E+00 1.763E-01 1.234E-02 2.175E-03 2.180E-03 1.459E+00 4.390E-02 1.234E-02 
1.502E+00 1.765E-01 1.235E-02 2.180E-03 2.185E-03 1.502E+00 4.929E-02 1.235E-02 
1.545E+00 1.766E-01 1.236E-02 2.182E-03 2.187E-03 1.545E+00 5.458E-02 1.236E-02 
1.588E+00 1.759E-01 1.237E-02 2.175E-03 2.180E-03 1.588E+00 5.817E-02 1.237E-02 
1.631E+00 1.755E-01 1.238E-02 2.172E-03 2.177E-03 1.631E+00 6.219E-02 1.238E-02 
1.674E+00 1.749E-01 1.239E-02 2.167E-03 2.171E-03 1.674E+00 6.554E-02 1.239E-02 
1.717E+00 1.744E-01 1.240E-02 2.162E-03 2.167E-03 1.717E+00 6.904E-02 1.240E-02 
1.760E+00 1.743E-01 1.241E-02 2.163E-03 2.167E-03 1.760E+00 7.301E-02 1.241E-02 




1.845E+00 1.744E-01 1.243E-02 2.168E-03 2.173E-03 1.845E+00 8.230E-02 1.243E-02 
1.888E+00 1.734E-01 1.244E-02 2.157E-03 2.161E-03 1.888E+00 8.555E-02 1.244E-02 
1.931E+00 1.736E-01 1.245E-02 2.162E-03 2.166E-03 1.931E+00 9.038E-02 1.245E-02 
1.974E+00 1.736E-01 1.246E-02 2.163E-03 2.167E-03 1.974E+00 9.384E-02 1.246E-02 
2.017E+00 1.740E-01 1.247E-02 2.170E-03 2.175E-03 2.017E+00 9.874E-02 1.247E-02 
2.060E+00 1.727E-01 1.248E-02 2.155E-03 2.160E-03 2.060E+00 1.012E-01 1.248E-02 
2.146E+00 1.717E-01 1.250E-02 2.146E-03 2.151E-03 2.146E+00 1.088E-01 1.250E-02 
2.232E+00 1.715E-01 1.252E-02 2.147E-03 2.152E-03 2.232E+00 1.169E-01 1.252E-02 
2.318E+00 1.710E-01 1.254E-02 2.144E-03 2.148E-03 2.318E+00 1.236E-01 1.254E-02 
2.403E+00 1.693E-01 1.256E-02 2.126E-03 2.131E-03 2.403E+00 1.311E-01 1.256E-02 
2.489E+00 1.690E-01 1.258E-02 2.126E-03 2.130E-03 2.489E+00 1.387E-01 1.258E-02 
2.575E+00 1.681E-01 1.260E-02 2.118E-03 2.122E-03 2.575E+00 1.452E-01 1.260E-02 
2.661E+00 1.667E-01 1.262E-02 2.104E-03 2.108E-03 2.661E+00 1.526E-01 1.262E-02 
2.747E+00 1.662E-01 1.264E-02 2.101E-03 2.105E-03 2.747E+00 1.589E-01 1.264E-02 
2.833E+00 1.661E-01 1.266E-02 2.102E-03 2.106E-03 2.833E+00 1.671E-01 1.266E-02 
2.918E+00 1.648E-01 1.268E-02 2.090E-03 2.093E-03 2.918E+00 1.732E-01 1.268E-02 
3.004E+00 1.645E-01 1.270E-02 2.089E-03 2.093E-03 3.004E+00 1.793E-01 1.270E-02 
3.090E+00 1.641E-01 1.272E-02 2.087E-03 2.091E-03 3.090E+00 1.859E-01 1.272E-02 
3.519E+00 1.573E-01 1.282E-02 2.017E-03 2.021E-03 3.519E+00 2.468E-01 1.282E-02 
3.948E+00 1.522E-01 1.292E-02 1.967E-03 1.970E-03 3.948E+00 3.003E-01 1.292E-02 
4.378E+00 1.449E-01 1.302E-02 1.887E-03 1.889E-03 4.378E+00 3.783E-01 1.302E-02 
4.807E+00 1.414E-01 1.312E-02 1.855E-03 1.857E-03 4.807E+00 4.226E-01 1.312E-02 
5.236E+00 1.368E-01 1.322E-02 1.808E-03 1.810E-03 5.236E+00 4.620E-01 1.322E-02 
5.665E+00 1.337E-01 1.332E-02 1.781E-03 1.782E-03 5.665E+00 4.998E-01 1.332E-02 
6.094E+00 1.304E-01 1.342E-02 1.750E-03 1.751E-03 6.094E+00 5.346E-01 1.342E-02 
6.523E+00 1.271E-01 1.352E-02 1.718E-03 1.719E-03 6.523E+00 5.694E-01 1.352E-02 
 
Table S14 summarizes the normalization of the absorbance of the max of 2 observed 
(COBS) and coordination complex (CCOORD), which was determined by Eq. 1. Where DCE and 2 
added are in liters and max of COBS is at 1685 cm
-1 and max of CCOORD is at 1560 cm
-1.  






















l 5(a.u *L) 
COBS 
(moles) 
0.000E+00 -6.714E-03 1.200E-02 -8.057E-05 0.000E+00 0.000E+00 -8.705E-03 1.200E-02 -1.045E-04 0.000E+00 -1.475E-04 
4.906E-02 7.538E-03 1.201E-02 9.054E-05 9.811E-05 4.906E-02 -8.297E-03 1.201E-02 -9.965E-05 0.000E+00 -1.416E-04 
9.811E-02 2.130E-02 1.202E-02 2.560E-04 1.962E-04 9.811E-02 -7.523E-03 1.202E-02 -9.042E-05 0.000E+00 -1.302E-04 
1.472E-01 3.501E-02 1.203E-02 4.211E-04 2.943E-04 1.472E-01 -7.136E-03 1.203E-02 -8.584E-05 0.000E+00 -1.246E-04 
2.085E-01 4.975E-02 1.204E-02 5.991E-04 4.170E-04 2.085E-01 -6.576E-03 1.204E-02 -7.919E-05 0.000E+00 -1.165E-04 
2.575E-01 6.203E-02 1.205E-02 7.476E-04 5.151E-04 2.575E-01 -5.753E-03 1.205E-02 -6.934E-05 0.000E+00 -1.044E-04 
2.943E-01 7.009E-02 1.206E-02 8.453E-04 5.887E-04 2.943E-01 -5.665E-03 1.206E-02 -6.832E-05 0.000E+00 -1.032E-04 
3.434E-01 7.874E-02 1.207E-02 9.504E-04 6.868E-04 3.434E-01 -5.212E-03 1.207E-02 -6.290E-05 0.000E+00 -9.653E-05 
3.925E-01 9.030E-02 1.208E-02 1.091E-03 7.849E-04 3.925E-01 -5.745E-03 1.208E-02 -6.940E-05 0.000E+00 -1.045E-04 
4.415E-01 1.003E-01 1.209E-02 1.213E-03 8.801E-04 4.415E-01 -7.549E-03 1.209E-02 -9.127E-05 0.000E+00 -1.314E-04 
4.906E-01 1.107E-01 1.210E-02 1.339E-03 9.702E-04 4.906E-01 -7.687E-03 1.210E-02 -9.301E-05 0.000E+00 -1.336E-04 
5.396E-01 1.184E-01 1.211E-02 1.434E-03 1.038E-03 5.396E-01 -7.730E-03 1.211E-02 -9.361E-05 0.000E+00 -1.343E-04 
5.887E-01 1.269E-01 1.212E-02 1.538E-03 1.112E-03 5.887E-01 -7.203E-03 1.212E-02 -8.730E-05 0.000E+00 -1.266E-04 
6.377E-01 1.352E-01 1.213E-02 1.640E-03 1.185E-03 6.377E-01 -6.756E-03 1.213E-02 -8.195E-05 0.000E+00 -1.200E-04 
6.868E-01 1.425E-01 1.214E-02 1.730E-03 1.249E-03 6.868E-01 -8.636E-03 1.214E-02 -1.048E-04 0.000E+00 -1.482E-04 
7.358E-01 1.502E-01 1.215E-02 1.825E-03 1.317E-03 7.358E-01 -7.973E-03 1.215E-02 -9.688E-05 0.000E+00 -1.384E-04 
7.849E-01 1.562E-01 1.216E-02 1.899E-03 1.370E-03 7.849E-01 -8.122E-03 1.216E-02 -9.877E-05 0.000E+00 -1.407E-04 
8.340E-01 1.619E-01 1.217E-02 1.971E-03 1.421E-03 8.340E-01 -8.074E-03 1.217E-02 -9.826E-05 0.000E+00 -1.401E-04 
8.830E-01 1.656E-01 1.218E-02 2.017E-03 1.454E-03 8.830E-01 -7.600E-03 1.218E-02 -9.257E-05 0.000E+00 -1.331E-04 
9.321E-01 1.689E-01 1.219E-02 2.058E-03 1.484E-03 9.321E-01 -7.507E-03 1.219E-02 -9.150E-05 0.000E+00 -1.318E-04 
9.811E-01 1.700E-01 1.220E-02 2.074E-03 1.495E-03 9.811E-01 -6.653E-03 1.220E-02 -8.117E-05 0.000E+00 -1.192E-04 
1.030E+00 1.664E-01 1.221E-02 2.032E-03 1.465E-03 1.030E+00 -5.447E-03 1.221E-02 -6.651E-05 0.000E+00 -1.012E-04 
1.079E+00 1.625E-01 1.222E-02 1.986E-03 1.432E-03 1.079E+00 -4.730E-03 1.222E-02 -5.780E-05 0.000E+00 -9.050E-05 
1.128E+00 1.597E-01 1.223E-02 1.953E-03 1.408E-03 1.128E+00 -3.796E-03 1.223E-02 -4.642E-05 0.000E+00 -7.654E-05 
1.177E+00 1.556E-01 1.224E-02 1.904E-03 1.374E-03 1.177E+00 -2.531E-03 1.224E-02 -3.097E-05 0.000E+00 -5.759E-05 




1.275E+00 1.472E-01 1.226E-02 1.805E-03 1.303E-03 1.275E+00 -9.919E-04 1.226E-02 -1.216E-05 0.000E+00 -3.451E-05 
1.325E+00 1.415E-01 1.227E-02 1.736E-03 1.254E-03 1.325E+00 -2.091E-04 1.227E-02 -2.566E-06 0.000E+00 -2.274E-05 
1.374E+00 1.371E-01 1.228E-02 1.683E-03 1.216E-03 1.374E+00 8.288E-04 1.228E-02 1.018E-05 0.000E+00 -7.106E-06 
1.423E+00 1.330E-01 1.229E-02 1.635E-03 1.181E-03 1.423E+00 3.163E-03 1.229E-02 3.887E-05 9.586E-05 2.812E-05 
1.472E+00 1.263E-01 1.230E-02 1.553E-03 1.123E-03 1.472E+00 2.761E-03 1.230E-02 3.396E-05 1.758E-04 2.207E-05 
1.521E+00 1.226E-01 1.231E-02 1.509E-03 1.092E-03 1.521E+00 5.639E-03 1.231E-02 6.942E-05 2.557E-04 6.560E-05 
1.570E+00 1.168E-01 1.232E-02 1.439E-03 1.042E-03 1.570E+00 7.053E-03 1.232E-02 8.689E-05 3.356E-04 8.705E-05 
1.619E+00 1.124E-01 1.233E-02 1.386E-03 1.004E-03 1.619E+00 1.022E-02 1.233E-02 1.261E-04 4.154E-04 1.352E-04 
1.668E+00 1.079E-01 1.234E-02 1.331E-03 9.649E-04 1.668E+00 1.371E-02 1.234E-02 1.692E-04 4.953E-04 1.881E-04 
1.717E+00 1.062E-01 1.235E-02 1.311E-03 9.506E-04 1.717E+00 1.954E-02 1.235E-02 2.413E-04 5.752E-04 2.766E-04 
1.766E+00 1.022E-01 1.236E-02 1.263E-03 9.160E-04 1.766E+00 2.378E-02 1.236E-02 2.939E-04 6.551E-04 3.412E-04 
1.815E+00 9.955E-02 1.237E-02 1.231E-03 8.935E-04 1.815E+00 2.860E-02 1.237E-02 3.538E-04 7.350E-04 4.148E-04 
1.864E+00 9.684E-02 1.238E-02 1.199E-03 8.703E-04 1.864E+00 3.399E-02 1.238E-02 4.209E-04 8.149E-04 4.971E-04 
1.913E+00 9.513E-02 1.239E-02 1.179E-03 8.559E-04 1.913E+00 4.031E-02 1.239E-02 4.994E-04 8.948E-04 5.936E-04 
1.962E+00 9.283E-02 1.240E-02 1.151E-03 8.362E-04 1.962E+00 4.594E-02 1.240E-02 5.697E-04 9.747E-04 6.799E-04 
2.011E+00 9.010E-02 1.241E-02 1.118E-03 8.127E-04 2.011E+00 4.898E-02 1.241E-02 6.079E-04 1.055E-03 7.268E-04 
2.109E+00 8.757E-02 1.243E-02 1.089E-03 7.916E-04 2.109E+00 6.162E-02 1.243E-02 7.660E-04 1.214E-03 9.209E-04 
2.208E+00 8.506E-02 1.245E-02 1.059E-03 7.705E-04 2.208E+00 7.349E-02 1.245E-02 9.149E-04 1.374E-03 1.104E-03 
2.306E+00 8.352E-02 1.247E-02 1.042E-03 7.580E-04 2.306E+00 8.503E-02 1.247E-02 1.060E-03 1.534E-03 1.282E-03 
2.404E+00 8.132E-02 1.249E-02 1.016E-03 7.396E-04 2.404E+00 9.767E-02 1.249E-02 1.220E-03 1.694E-03 1.478E-03 
2.502E+00 8.000E-02 1.251E-02 1.001E-03 7.290E-04 2.502E+00 1.090E-01 1.251E-02 1.364E-03 1.854E-03 1.655E-03 
2.600E+00 7.853E-02 1.253E-02 9.840E-04 7.170E-04 2.600E+00 1.205E-01 1.253E-02 1.510E-03 2.013E-03 1.834E-03 
2.698E+00 7.778E-02 1.255E-02 9.761E-04 7.114E-04 2.698E+00 1.321E-01 1.255E-02 1.658E-03 2.173E-03 2.016E-03 
2.796E+00 7.683E-02 1.257E-02 9.657E-04 7.040E-04 2.796E+00 1.433E-01 1.257E-02 1.802E-03 2.333E-03 2.193E-03 
2.894E+00 7.596E-02 1.259E-02 9.564E-04 6.974E-04 2.894E+00 1.539E-01 1.259E-02 1.937E-03 2.493E-03 2.359E-03 
2.992E+00 7.454E-02 1.261E-02 9.399E-04 6.856E-04 2.992E+00 1.635E-01 1.261E-02 2.062E-03 2.653E-03 2.513E-03 
3.091E+00 7.305E-02 1.263E-02 9.227E-04 6.733E-04 3.091E+00 1.728E-01 1.263E-02 2.183E-03 2.812E-03 2.661E-03 
3.581E+00 7.083E-02 1.273E-02 9.016E-04 6.584E-04 3.581E+00 2.473E-01 1.273E-02 3.149E-03 3.611E-03 3.847E-03 
4.072E+00 6.940E-02 1.283E-02 8.904E-04 6.505E-04 4.072E+00 3.168E-01 1.283E-02 4.064E-03 4.410E-03 4.971E-03 
4.562E+00 6.795E-02 1.293E-02 8.786E-04 6.422E-04 4.562E+00 3.739E-01 1.293E-02 4.835E-03 5.209E-03 5.918E-03 
5.053E+00 6.962E-02 1.303E-02 9.072E-04 6.627E-04 5.053E+00 4.297E-01 1.303E-02 5.599E-03 6.008E-03 6.856E-03 
5.543E+00 7.091E-02 1.313E-02 9.311E-04 6.799E-04 5.543E+00 4.815E-01 1.313E-02 6.322E-03 6.807E-03 7.744E-03 
6.034E+00 7.311E-02 1.323E-02 9.672E-04 7.059E-04 6.034E+00 5.324E-01 1.323E-02 7.043E-03 7.606E-03 8.629E-03 
 
Table S15 summarizes the normalization of the absorbance of the max of 3 observed 
(COBS) and coordination complex (CCOORD), which was determined by Eq. 1. Where DCE and 3 
added are in liters and max of COBS is at 1704 cm
-1 and max of CCOORD is at 1568 cm
-1.  
Theoretical 3 (a.u *L) was calculated by taking CADD (M) and utilizing the Beer-Lambert 
relationship of unbound 3 (Figure S48) to find the theoretical absorbance for COBS. 
Table S16. Raw data for Beer-Lambert relationship of 37. 
 


















Figure S52. Beer-Lambert relationship of 37, where [37] = [3]added.  
 
Relationship was defined where absorbance of monomer was directly related to 
concentration of 3 added until 0.5 equivalents. Relationship >0.5 equiv determined by 
extrapolation. Using Eq. 2, monomer signal was converted to concentration based on the Beer-
Lambert plot that was generated for monomer, where concentration is equal to concentration of 
carbonyl added for the range of data that was used to generate the Beer-Lambert plot. 
Concentration was then converted into moles by multiplying by the total volume of the reaction 
mixture.  
Table S17. Calculated CCOORD based on Figure S52.  
 
3 (equiv) CADD (M) CCOORD (a.u *L) CCOORD (M) CCOORD (moles) 
0.00E+00 0.00E+00 -8.06E-05 0.00E+00 0.00E+00 
4.91E-02 8.17E-03 9.05E-05 8.17E-03 9.81E-05 
9.81E-02 1.63E-02 2.56E-04 1.63E-02 1.96E-04 
1.47E-01 2.45E-02 4.21E-04 2.45E-02 2.94E-04 
2.08E-01 3.46E-02 5.99E-04 3.46E-02 4.17E-04 
2.58E-01 4.27E-02 7.48E-04 4.27E-02 5.15E-04 
2.94E-01 4.88E-02 8.45E-04 4.88E-02 5.89E-04 
3.43E-01 5.69E-02 9.50E-04 5.69E-02 6.87E-04 
3.92E-01 6.50E-02 1.09E-03 6.50E-02 7.85E-04 
4.42E-01 7.30E-02 1.21E-03 7.28E-02 8.80E-04 
4.91E-01 8.11E-02 1.34E-03 8.02E-02 9.70E-04 
5.40E-01 8.91E-02 1.43E-03 8.57E-02 1.04E-03 
5.89E-01 9.71E-02 1.54E-03 9.18E-02 1.11E-03 
6.38E-01 1.05E-01 1.64E-03 9.77E-02 1.18E-03 
6.87E-01 1.13E-01 1.73E-03 1.03E-01 1.25E-03 
7.36E-01 1.21E-01 1.83E-03 1.08E-01 1.32E-03 
7.85E-01 1.29E-01 1.90E-03 1.13E-01 1.37E-03 
8.34E-01 1.37E-01 1.97E-03 1.17E-01 1.42E-03 
8.83E-01 1.45E-01 2.02E-03 1.19E-01 1.45E-03 




9.32E-01 1.53E-01 2.06E-03 1.22E-01 1.48E-03 
9.81E-01 1.61E-01 2.07E-03 1.23E-01 1.50E-03 
1.03E+00 1.69E-01 2.03E-03 1.20E-01 1.47E-03 
1.08E+00 1.77E-01 1.99E-03 1.17E-01 1.43E-03 
1.13E+00 1.85E-01 1.95E-03 1.15E-01 1.41E-03 
1.18E+00 1.92E-01 1.90E-03 1.12E-01 1.37E-03 
1.23E+00 2.00E-01 1.85E-03 1.09E-01 1.34E-03 
1.28E+00 2.08E-01 1.80E-03 1.06E-01 1.30E-03 
1.32E+00 2.16E-01 1.74E-03 1.02E-01 1.25E-03 
1.37E+00 2.24E-01 1.68E-03 9.90E-02 1.22E-03 
1.42E+00 2.32E-01 1.63E-03 9.61E-02 1.18E-03 
1.47E+00 2.39E-01 1.55E-03 9.13E-02 1.12E-03 
1.52E+00 2.47E-01 1.51E-03 8.87E-02 1.09E-03 
1.57E+00 2.55E-01 1.44E-03 8.45E-02 1.04E-03 
1.62E+00 2.63E-01 1.39E-03 8.14E-02 1.00E-03 
1.67E+00 2.70E-01 1.33E-03 7.82E-02 9.65E-04 
1.72E+00 2.78E-01 1.31E-03 7.70E-02 9.51E-04 
1.77E+00 2.86E-01 1.26E-03 7.41E-02 9.16E-04 
1.82E+00 2.93E-01 1.23E-03 7.22E-02 8.94E-04 
1.86E+00 3.01E-01 1.20E-03 7.03E-02 8.70E-04 
1.91E+00 3.09E-01 1.18E-03 6.91E-02 8.56E-04 
1.96E+00 3.16E-01 1.15E-03 6.74E-02 8.36E-04 
2.01E+00 3.24E-01 1.12E-03 6.55E-02 8.13E-04 
2.11E+00 3.39E-01 1.09E-03 6.37E-02 7.92E-04 
2.21E+00 3.55E-01 1.06E-03 6.19E-02 7.70E-04 
2.31E+00 3.70E-01 1.04E-03 6.08E-02 7.58E-04 
2.40E+00 3.85E-01 1.02E-03 5.92E-02 7.40E-04 
2.50E+00 4.00E-01 1.00E-03 5.83E-02 7.29E-04 
2.60E+00 4.15E-01 9.84E-04 5.72E-02 7.17E-04 
2.70E+00 4.30E-01 9.76E-04 5.67E-02 7.11E-04 
2.80E+00 4.45E-01 9.66E-04 5.60E-02 7.04E-04 
2.89E+00 4.60E-01 9.56E-04 5.54E-02 6.97E-04 
2.99E+00 4.75E-01 9.40E-04 5.44E-02 6.86E-04 
3.09E+00 4.89E-01 9.23E-04 5.33E-02 6.73E-04 
3.58E+00 5.63E-01 9.02E-04 5.17E-02 6.58E-04 
4.07E+00 6.35E-01 8.90E-04 5.07E-02 6.50E-04 
4.56E+00 7.06E-01 8.79E-04 4.97E-02 6.42E-04 
5.05E+00 7.76E-01 9.07E-04 5.09E-02 6.63E-04 
5.54E+00 8.44E-01 9.31E-04 5.18E-02 6.80E-04 
6.03E+00 9.12E-01 9.67E-04 5.34E-02 7.06E-04 
 
Moles of monomer missing in Figure 47B was calculated using Eq. 3 
CND in Figure 47B was calculated using Eq. 4 
Table S18. Data used in Figure 47B. 
 
















Table S19. Complexation between 6 and AlCl3 used in Figure 46D.  
 
38 4 
4 (equiv) 1610 cm-1 (a.u) Total volume (L) CCOORD (a.u *L) 4 (equiv) 1734 cm
-1 (a.u) Total volume (L) COBS (a.u *L) 
0.00E+00 1.50E-03 1.200E-02 1.800E-05 0.000E+00 -3.286E-03 1.200E-02 -3.943E-05 
5.13E-02 1.75E-02 1.201E-02 2.096E-04 5.128E-02 -2.470E-03 1.201E-02 -2.966E-05 
1.03E-01 2.66E-02 1.202E-02 3.201E-04 1.026E-01 -2.858E-03 1.202E-02 -3.435E-05 
1.54E-01 3.60E-02 1.203E-02 4.325E-04 1.538E-01 -2.629E-03 1.203E-02 -3.163E-05 
2.05E-01 4.52E-02 1.204E-02 5.441E-04 2.051E-01 -2.325E-03 1.204E-02 -2.800E-05 
2.56E-01 6.51E-02 1.205E-02 7.849E-04 2.564E-01 -3.082E-03 1.205E-02 -3.713E-05 
3.08E-01 7.37E-02 1.206E-02 8.892E-04 3.077E-01 -3.094E-03 1.206E-02 -3.732E-05 
3.59E-01 6.63E-02 1.207E-02 8.006E-04 3.590E-01 -4.270E-03 1.207E-02 -5.154E-05 
4.10E-01 7.40E-02 1.208E-02 8.936E-04 4.103E-01 -3.716E-03 1.208E-02 -4.490E-05 
4.62E-01 8.19E-02 1.209E-02 9.901E-04 4.615E-01 -4.631E-03 1.209E-02 -5.598E-05 
5.13E-01 9.06E-02 1.210E-02 1.096E-03 5.128E-01 -4.652E-03 1.210E-02 -5.628E-05 
5.64E-01 9.71E-02 1.211E-02 1.175E-03 5.641E-01 -4.551E-03 1.211E-02 -5.511E-05 
6.15E-01 1.09E-01 1.212E-02 1.316E-03 6.154E-01 -5.505E-03 1.212E-02 -6.672E-05 
6.67E-01 1.17E-01 1.213E-02 1.419E-03 6.667E-01 -5.415E-03 1.213E-02 -6.568E-05 
7.18E-01 1.32E-01 1.214E-02 1.605E-03 7.179E-01 -2.832E-03 1.214E-02 -3.438E-05 
7.70E-01 1.44E-01 1.215E-02 1.749E-03 7.692E-01 -4.000E-03 1.215E-02 -4.860E-05 
8.21E-01 1.56E-01 1.216E-02 1.899E-03 8.205E-01 -3.469E-03 1.216E-02 -4.218E-05 
8.72E-01 1.70E-01 1.217E-02 2.065E-03 8.718E-01 -3.387E-03 1.217E-02 -4.122E-05 
9.23E-01 1.83E-01 1.218E-02 2.231E-03 9.231E-01 -3.909E-03 1.218E-02 -4.761E-05 
9.74E-01 1.97E-01 1.219E-02 2.404E-03 9.744E-01 -3.544E-03 1.219E-02 -4.320E-05 
1.03E+00 2.08E-01 1.220E-02 2.536E-03 1.026E+00 -1.800E-03 1.220E-02 -2.196E-05 
1.13E+00 2.05E-01 1.222E-02 2.504E-03 1.128E+00 1.081E-02 1.222E-02 1.321E-04 
1.23E+00 2.00E-01 1.224E-02 2.449E-03 1.231E+00 2.116E-02 1.224E-02 2.590E-04 
1.33E+00 1.99E-01 1.226E-02 2.441E-03 1.333E+00 3.469E-02 1.226E-02 4.252E-04 
1.44E+00 1.98E-01 1.228E-02 2.427E-03 1.436E+00 4.862E-02 1.228E-02 5.970E-04 
1.54E+00 1.97E-01 1.230E-02 2.424E-03 1.538E+00 6.147E-02 1.230E-02 7.561E-04 
1.64E+00 1.96E-01 1.232E-02 2.412E-03 1.641E+00 7.420E-02 1.232E-02 9.141E-04 
1.74E+00 1.95E-01 1.234E-02 2.404E-03 1.744E+00 8.616E-02 1.234E-02 1.063E-03 
1.85E+00 1.94E-01 1.236E-02 2.401E-03 1.846E+00 9.738E-02 1.236E-02 1.204E-03 
1.95E+00 1.94E-01 1.238E-02 2.400E-03 1.949E+00 1.096E-01 1.238E-02 1.356E-03 
2.05E+00 1.92E-01 1.240E-02 2.381E-03 2.051E+00 1.194E-01 1.240E-02 1.480E-03 
2.56E+00 1.86E-01 1.250E-02 2.324E-03 2.564E+00 2.056E-01 1.250E-02 2.570E-03 
3.078E+00 1.81E-01 1.260E-02 2.276E-03 3.077E+00 2.816E-01 1.260E-02 3.549E-03 
3.59E+00 1.75E-01 1.270E-02 2.220E-03 3.590E+00 3.476E-01 1.270E-02 4.414E-03 
4.10E+00 1.70E-01 1.280E-02 2.178E-03 4.103E+00 4.076E-01 1.280E-02 5.217E-03 
4.62E+00 1.66E-01 1.290E-02 2.144E-03 4.615E+00 4.617E-01 1.290E-02 5.956E-03 
5.13E+00 1.63E-01 1.300E-02 2.112E-03 5.128E+00 5.106E-01 1.300E-02 6.637E-03 
5.64E+00 1.59E-01 1.310E-02 2.080E-03 5.641E+00 5.566E-01 1.310E-02 7.291E-03 
6.15E+00 1.55E-01 1.320E-02 2.052E-03 6.154E+00 5.968E-01 1.320E-02 7.878E-03 
 
Table S19 summarizes the normalization of the absorbance of the max of 4 observed 
(COBS) and coordination complex (CCOORD), which was determined by Eq. 1, where DCE and 4 
added are in liters and max of COBS is at 1734 cm
-1 and max of CCOORD is at 1610 cm
-1.  
Conductance Analysis 
VWR Portable Conductance Meter was calibrated with standard solutions of KCl (0.01 M and 




was rinsed with water and finally with DCE several times before taking measurements. Before 
each experiment, the conductance meter was recalibrated with the standard solutions.  
General procedure for InCl3 complexation. 
In a glove box, InCl3 (442 mg, 2 mmol) was added to a flame-dried 20 mL scintillation 
vial charged with a stir bar. Anhydrous DCE was added (12 mL, 166 mM). The conductance of 
the mixture was observed via a VWR Portable Conductance Meter. Carbonyl was incrementally 
titrated until 6 equivalents of carbonyl were reached. Conductance after each of addition of 
carbonyl was observed and recorded as an average of three measurements. Between each 
reading, probe was rinsed with DCE. Plotting and trendline analysis were performed with 
GraphPad Prism 8 and Microsoft Excel.  




Trial 1 Trial 2 Trial 3 Average 
0.00 0.41 0.43 0.44 0.43 
0.28 13.04 13.02 13.04 13.03 
0.57 27.10 27.20 27.30 27.20 
0.78 38.10 38.20 38.20 38.17 
1.06 52.80 53.30 53.50 53.20 
1.63 81.40 81.70 82.10 81.73 
2.19 108.80 109.40 109.60 109.27 
3.19 163.30 164.00 163.60 163.63 
4.25 213.00 216.00 216.00 215.00 
5.31 255.00 257.00 258.00 256.67 
6.37 290.00 292.00 292.00 291.33 
 
 




Trial 1 Trial 2 Trial 3 Average 
0.00 1.17 1.17 1.17 1.17 
0.26 8.72 8.73 8.81 8.75 
0.52 19.90 20.20 20.30 20.13 
0.73 32.90 33.50 33.70 33.37 
1.03 47.70 48.10 48.30 48.03 
1.59 82.80 83.30 83.60 83.23 
2.10 110.10 110.60 111.70 110.80 
2.96 138.50 139.50 139.70 139.23 
4.12 162.20 162.10 163.10 162.47 
5.11 172.80 174.70 175.80 174.43 










Trial 1 Trial 2 Trial 3 Average 
0.00 0.82 0.88 0.93 0.88 
0.20 10.90 11.15 11.25 11.10 
0.54 32.10 32.40 33.00 32.50 
0.76 47.50 48.30 49.20 48.33 
1.03 64.80 64.00 63.60 64.13 
1.52 120.70 122.80 124.60 122.70 
2.06 168.30 171.30 173.50 171.03 
3.09 213.00 216.00 220.00 216.33 
4.17 245.00 247.00 249.00 247.00 
5.15 268.00 268.00 270.00 268.67 
6.13 278.00 279.00 281.00 279.33 
 
 
Table S23. Conductivity measured between 4 and InCl3. 
 
4 (equiv) Conductivity (µS/cm) 
 Trial 1 Trial 2 Trial 3 Average 
0.20 0.94 0.92 0.92 0.93 
0.57 3.84 3.84 3.83 3.84 
0.70 9.13 9.10 9.32 9.18 
1.00 13.50 13.48 13.55 13.51 
1.50 30.00 30.30 30.40 30.23 
2.00 39.50 39.60 39.80 39.63 
3.00 46.20 46.50 46.70 46.47 
4.00 50.10 50.40 50.60 50.37 
5.00 51.60 51.90 52.20 51.90 
6.00 51.60 52.00 52.10 51.90 
 
General procedure for GaCl3 complexation.  
In a glove box, GaCl3 (352 mg, 2 mmol) was added to a flame-dried 20 mL scintillation 
vial charged with a stir bar. Anhydrous DCE was added (12 mL, 163 mM). The conductance of 
the homogeneous solution was observed via a VWR Portable Conductance Meter. Carbonyl was 
incrementally titrated until 6 equivalents of carbonyl were reached. Conductance after each of 
addition of carbonyl was observed and recorded as an average of three measurements. Between 
each reading, probe was rinsed with DCE. Plotting and trendline analysis were performed with 










Trial 1 Trial 2 Trial 3 Average 
0.00 6.48 6.82 7.06 6.79 
0.27 11.97 11.98 11.96 11.97 
0.54 15.63 15.65 15.63 15.64 
0.74 16.63 16.58 16.57 16.59 
1.55 35.80 35.80 35.40 35.67 
2.09 44.60 45.00 44.80 44.80 
3.03 64.80 65.00 65.40 65.07 
4.04 88.70 89.40 90.00 89.37 
5.05 119.70 121.20 123.10 121.33 
6.06 157.40 157.10 158.00 157.50 
 
 




Trial 1 Trial 2 Trial 3 Average 
0.00 4.84 4.99 5.11 4.98 
0.25 23.20 23.30 23.40 23.30 
0.38 31.80 31.80 31.80 31.80 
0.51 38.90 38.80 38.80 38.83 
0.76 41.00 40.80 40.70 40.83 
1.02 50.30 49.80 50.30 50.13 
1.52 57.50 57.00 57.20 57.23 
3.05 46.90 47.00 47.10 47.00 
5.08 71.10 71.00 71.50 71.20 
 




Trial 1 Trial 2 Trial 3 Average 
0.00 5.51 5.82 6.05 5.79 
0.25 11.77 11.75 11.77 11.76 
0.34 14.59 14.57 14.60 14.59 
0.49 18.47 18.27 18.26 18.33 
0.74 17.83 17.79 17.86 17.83 
1.03 17.73 17.76 17.76 17.75 
1.52 24.30 24.50 24.50 24.43 
3.04 38.90 39.20 39.20 39.10 
5.00 58.50 59.10 59.10 58.90 
 
 




Trial 1 Trial 2 Trial 3 Average 
0 6.95 7.09 7.13 7.06 
0.26 11.66 11.68 11.67 11.67 
0.51 15.70 15.75 15.77 15.74 
0.77 16.78 16.80 16.83 16.80 
1.02 7.88 7.88 7.90 7.89 
1.53 7.86 7.82 7.85 7.84 
2.05 7.79 7.77 7.83 7.80 
3.07 8.04 8.06 8.04 8.05 
4.09 7.93 7.99 7.97 7.96 
5.11 7.94 7.94 7.95 7.94 





General procedure for TiCl4 complexation. 
In a glove box, TiCl4 (219 μL, 2 mmol) was added to a flame-dried 20 mL scintillation 
vial charged with a stir bar. Anhydrous DCE was added (12 mL, 166 mM). The conductance of 
the homogeneous solution was observed via a VWR Portable Conductance Meter. Carbonyl was 
incrementally titrated until 6 equivalents of carbonyl were reached. Conductance after each of 
addition of carbonyl was observed and recorded as an average of three measurements. Between 
each reading, probe was rinsed with DCE. Plotting and trendline analysis were performed with 
GraphPad Prism 8 and Microsoft Excel.  




Trial 1 Trial 2 Trial 3 Average 
0.00 0.44 0.46 0.46 0.45 
0.27 17.56 17.59 17.58 17.58 
0.54 43.30 43.70 43.90 43.63 
0.74 68.50 69.10 69.30 68.97 
1.01 106.60 108.10 108.40 107.70 
1.55 142.30 144.50 145.60 144.13 
2.09 44.30 45.00 45.20 44.83 
3.03 43.90 44.20 44.20 44.10 
3.97 48.50 48.80 48.90 48.73 
5.05 51.30 51.50 51.40 51.40 
6.06 52.30 52.00 51.60 51.97 
 




Trial 1 Trial 2 Trial 3 Average 
0.00 0.76 0.75 0.74 0.75 
0.25 5.51 5.52 5.52 5.52 
0.51 11.74 11.83 11.83 11.80 
0.76 18.67 18.88 19.03 18.86 
1.01 36.70 37.10 37.50 37.10 
1.52 25.20 25.70 25.90 25.60 
2.03 10.38 10.39 10.44 10.40 
3.04 9.72 9.78 9.86 9.79 
4.06 10.31 10.31 10.27 10.30 
5.07 10.16 10.21 10.21 10.19 
6.09 10.11 10.15 10.16 10.14 
 
General procedure for SnCl4 complexation. 




vial charged with a stir bar. Anhydrous DCE was added (12 mL, 166 mM). The conductance of 
the homogeneous solution was observed via a VWR Portable Conductance Meter. Carbonyl was 
incrementally titrated until at least 4 equivalents of carbonyl were reached. Conductance after 
each of addition of carbonyl was observed and recorded as an average of three measurements. 
Between each reading, probe was rinsed with DCE. Plotting and trendline analysis were 
performed with GraphPad Prism 8 and Microsoft Excel.  




Trial 1 Trial 2 Trial 3 Average 
0.00 0.18 0.19 0.21 0.19 
0.26 3.61 3.61 3.67 3.63 
0.53 10.45 10.67 10.83 10.65 
0.79 16.08 16.27 16.43 16.26 
1.06 19.90 20.50 20.70 20.37 
1.52 22.30 22.50 22.70 22.50 
2.05 23.70 23.80 24.00 23.83 
3.04 26.40 26.20 26.60 26.40 
4.04 31.30 31.50 31.70 31.50 
 




Trial 1 Trial 2 Trial 3 Average 
0.00 0.15 0.16 0.17 0.16 
0.25 0.40 0.40 0.39 0.40 
0.50 0.81 0.80 0.80 0.80 
0.75 1.29 1.28 1.28 1.28 
1.00 1.83 1.84 1.84 1.84 
1.25 2.48 2.48 2.49 2.48 
1.50 3.10 3.09 3.09 3.09 
2.00 5.07 5.08 5.06 5.07 
3.00 6.28 6.32 6.33 6.31 
4.01 6.53 6.50 6.53 6.52 
5.01 6.33 6.33 6.31 6.32 
6.01 6.24 6.21 6.23 6.23 
 
General procedure for ZrCl4 complexation.  
In a glove box, ZrCl4 (466 mg, 2 mmol) was added to a flame-dried 20 mL scintillation 
vial charged with a stir bar. Anhydrous DCE was added (12 mL, 166 mM). The conductance of 
the mixture was observed via a VWR Portable Conductance Meter. Carbonyl was incrementally 




of carbonyl was observed and recorded as an average of three measurements. Between each 
reading, probe was rinsed with DCE. Plotting and trendline analysis were performed with 
GraphPad Prism 8 and Microsoft Excel.  
 




Trial 1 Trial 2 Trial 3 Average 
0.00 2.89 3.06 3.22 3.06 
0.27 22.70 22.70 22.60 22.67 
0.54 20.80 21.30 19.80 20.63 
0.81 21.90 20.90 20.00 20.93 
1.01 7.07 6.36 5.04 6.16 
1.52 5.88 4.48 3.86 4.74 
2.03 15.85 15.26 15.45 15.52 
3.04 26.40 27.40 27.90 27.23 
4.06 35.70 37.10 35.50 36.10 
 
 




Trial 1 Trial 2 Trial 3 Average 
0.00 1.35 1.10 1.31 1.25 
0.26 2.22 2.27 2.17 2.22 
0.52 1.42 1.35 1.27 1.35 
0.77 2.97 2.94 2.95 2.95 
1.03 2.00 1.97 1.97 1.98 
1.55 1.22 1.21 1.24 1.22 
2.06 0.81 0.80 0.80 0.80 
3.00 0.52 0.54 0.57 0.54 
3.95 0.42 0.44 0.46 0.44 
4.98 0.34 0.36 0.37 0.36 
  
Table S34. Conductivity measured between 3 and ZrCl4. 
3 (equiv) 
Conductivity (uS/cm) 
Trial 1 Trial 2 Trial 3 Average 
0.00 2.01 2.04 2.06 2.04 
0.25 29.20 29.60 29.90 29.57 
0.49 14.89 16.80 17.69 16.46 
0.74 9.24 9.28 9.20 9.24 
1.03 9.13 9.29 8.88 9.10 
1.52 9.02 9.13 9.10 9.08 
2.06 8.61 8.90 8.68 8.73 
3.09 7.33 7.47 7.58 7.46 














Trial 1 Trial 2 Trial 3 Average 
0.00 1.19 1.34 2.84 1.79 
0.26 10.58 10.63 10.63 10.61 
0.51 8.06 7.86 7.83 7.92 
0.77 8.05 7.76 7.73 7.85 
1.08 7.58 8.07 8.11 7.92 
1.59 7.75 7.39 7.26 7.47 
2.15 7.00 8.65 8.39 8.01 
3.23 9.56 9.96 10.02 9.85 
4.25 9.89 10.36 10.25 10.17 
 
General procedure for FeCl3 complexation. 
In a glove box, FeCl3 (330 mg, 2 mmol) was added to a flame-dried 20 mL scintillation 
vial charged with a stir bar. Anhydrous DCE was added (12 mL, 163 mM). The conductance of 
the mixture was observed via a VWR Portable Conductance Meter. Carbonyl was incrementally 
titrated until 6 equivalents of carbonyl were reached. Conductance after each of addition of 
carbonyl was observed and recorded as an average of three measurements. Between each reading 
probe was rinsed with DCE. Plotting and trendline analysis were performed with Microsoft 
Excel. 




Trial 1 Trial 2 Trial 3 Average 
0.00 1.31 1.50 1.75 1.52 
0.27 3.47 3.49 3.44 3.47 
0.40 4.54 4.44 4.40 4.46 
0.53 5.70 5.62 5.62 5.65 
0.66 7.25 7.12 7.08 7.15 
0.73 7.95 7.42 7.60 7.66 
1.00 100.90 95.00 91.40 95.77 
2.06 733.00 734.00 733.00 733.33 
2.99 987.00 984.00 983.00 984.67 
3.99 1144.00 1147.00 1144.00 1145.00 
4.98 1245.00 1244.00 1245.00 1244.67 
















Trial 1 Trial 2 Trial 3 Average 
0.00 1.36 1.55 1.76 1.56 
0.25 16.24 16.37 16.17 16.26 
0.38 24.00 23.20 22.90 23.37 
0.51 31.90 31.40 31.20 31.50 
0.76 59.10 50.40 45.10 51.53 
1.01 228.00 228.00 228.00 228.00 
1.26 401.00 401.00 402.00 401.33 
1.52 537.00 537.00 538.00 537.33 
1.77 679.00 674.00 673.00 675.33 
2.02 794.00 795.00 798.00 795.67 
3.03 970.00 983.00 983.00 978.67 
4.05 1109.00 1112.00 1112.00 1111.00 
5.10 1221.00 1225.00 1223.00 1223.00 
 




Trial 1 Trial 2 Trial 3 Average 
0.00 1.60 1.73 1.81 1.71 
0.24 4.55 4.53 4.52 4.53 
0.48 6.87 7.23 7.26 7.12 
0.75 50.90 37.40 34.80 41.03 
1.01 94.20 93.90 91.20 93.10 
1.25 340.00 342.00 339.00 340.33 
1.54 663.00 667.00 663.00 664.33 
1.73 866.00 858.00 862.00 862.00 
2.02 1246.00 1248.00 1248.00 1247.33 
3.03 1442.00 1448.00 1450.00 1446.67 
4.04 1483.00 1483.00 1485.00 1483.67 
5.01 1495.00 1498.00 1498.00 1497.00 
 




Trial 1 Trial 2 Trial 3 Average 
0.00 1.70 1.86 1.97 1.84 
0.26 3.84 3.85 3.83 3.84 
0.51 5.01 4.97 4.96 4.98 
0.77 6.23 6.20 6.20 6.21 
1.02 28.90 28.10 27.70 28.23 
1.53 137.00 138.60 140.20 138.60 
2.05 200.00 203.00 205.00 202.67 
3.07 269.00 274.00 277.00 273.33 
4.09 317.00 322.00 322.00 320.33 
5.11 346.00 350.00 355.00 350.33 
6.14 368.00 374.00 378.00 373.33 
 
General procedure for AlCl3 complexation. 
 In a glove box, AlCl3 (267 mg, 2 mmol) was added to a flame-dried 20 mL scintillation 




the mixture was observed via a VWR Portable Conductance Meter. Carbonyl was incrementally 
titrated until at least 4 equivalents of carbonyl were reached. Conductance after each of addition 
of carbonyl was observed and recorded as an average of three measurements. Between each 
reading, probe was rinsed with DCE. Plotting and trendline analysis were performed with 
GraphPad Prism 8 and Microsoft Excel.  




Trial 1 Trial 2 Trial 3 Average 
0.00 3.94 4.04 4.12 4.03 
0.27 11.41 13.90 14.16 13.16 
0.40 20.40 20.90 21.30 20.87 
0.54 27.30 28.70 29.60 28.53 
0.67 34.30 36.40 37.50 36.07 
0.74 39.50 40.80 41.70 40.67 
1.01 30.50 30.20 30.50 30.40 
2.08 34.40 38.30 46.00 39.57 
3.02 38.40 38.10 48.00 41.50 
4.02 36.60 37.60 42.80 39.00 
5.03 38.30 43.10 43.70 41.70 
6.03 39.70 51.70 52.60 48.00 
 




Trial 1 Trial 2 Trial 3 Average 
0.00 3.17 3.25 3.36 3.26 
0.17 32.50 32.50 33.00 32.67 
0.26 49.20 49.90 49.60 49.57 
0.34 66.60 67.20 67.60 67.13 
0.43 82.80 82.90 83.20 82.97 
0.47 42.20 42.00 42.30 42.17 
0.65 64.00 66.20 72.40 67.53 
1.33 97.20 97.50 98.60 97.77 
1.94 58.60 60.80 61.60 60.33 
 




Trial 1 Trial 2 Trial 3 Average 
0.00 6.81 7.15 7.48 7.15 
0.25 11.67 13.26 14.24 13.06 
0.54 23.10 12.48 14.68 16.75 
0.79 107.10 96.70 89.70 97.83 
1.03 224.00 201.00 204.00 209.67 
1.57 540.00 530.00 534.00 534.67 
2.11 678.00 688.00 671.00 679.00 
3.20 586.00 606.00 613.00 601.67 











Trial 1 Trial 2 Trial 3 Average 
0.00 9.12 9.20 9.30 9.21 
0.25 18.50 18.56 18.72 18.59 
0.51 29.30 29.70 29.90 29.63 
0.76 38.70 38.90 39.30 38.97 
1.02 25.70 25.60 25.50 25.60 
1.53 82.10 82.20 82.30 82.20 
2.04 95.30 95.80 97.20 96.10 
3.06 114.40 115.80 117.00 115.73 
4.08 88.80 93.50 99.60 93.97 
 
27Al NMR Analysis 
General procedure for AlCl3 complexation. 
In a glove box, AlCl3 (16 mg, 0.12 mmol) was added to a flame-dried 15 mL scintillation 
vial charged with a stir bar. Anhydrous DCE was added (0.5 mL, 0.24 M). Carbonyl was added 
and vial was capped and allowed to stir at room temperature under inert atmosphere for 30 
minutes. Solution was then transferred to an NMR tube, which was then capped. 27Al NMR was 
conducted on a Varian Inova 500 spectrometer. Chemical shifts for 27Al are reported in parts per 
million and are references to an external reference consisting of Al(NO3)·H2O in D2O (δ
27Al = 0 
ppm).  
When 27Al NMR studies were conducted on the AlCl3 systems with 1 and 3, we observe 
a modest downfield shift (∆δ27Al = 0.05 ppm) between 0.5 equiv 1 and 3 equiv 1 are added to a 
solution of AlCl3 in DCE (Figure S53). Interestingly, when this analysis was applied when 3 is 
added, we observe more drastic downfield shifts (∆δ27Al = 0.11 ppm) between 0.5 equiv 3 and 3 
equiv 3 added (Figure S54). We propose the moderate downfield shift observed in the system 
containing 1 is likely due to changes of the coordination sphere of Al and likely not caused by 
ligand displacement. However, the more drastic downfield shift observed in the system 




the peak observed when 3 equiv 3 is added (δ27Al = 102.92 ppm) is proximal to a tBuNH4[AlCl4] 
standard (δ27Al = 103.01 ppm), consistent with formation of AlCl4
- in solution when 3 is added 
to AlCl3. 
 
Figure S53. 27Al NMR spectra of AlCl3 in DCE (0.24 M) at 0.12 M 1 (red), 0.24 M 1 (orange), 











































Figure S54.  27Al NMR spectra of AlCl3 in DCE (0.24 M) with 0.12 M 3 (red), 0.24 M 3 (orange), 
0.47 M 3 (green), 0.70 M 3 (blue), and 0.24 M tBuNH4[AlCl4] standard (black). 
191118ALCL3_BZH_05.ESP





























General laboratory procedures.  
All moisture-sensitive reactions were performed under an atmosphere of argon in flame-
dried round bottom flasks or glass vials fitted with rubber septa. Stainless steel syringes were 
used to transfer air or moisture-sensitive liquids. Flash chromatography was performed using 
silica gel Silia Flash® 40-63 micron (230-400 mesh) from Silicycle.  
Materials and instrumentation.  
All chemicals were purchased from Sigma-Aldrich, VWR, Beantown, or Acros and were 
used as received unless otherwise stated. Benzaldehyde was distilled and stored over 3 Å 
molecular sieves, acetone was dried over K2CO3, and acetophenone was stored over 3 Å 
molecular sieves. Tetrahydrofuran was dried by being passed through columns of activated 
alumina. Proton Nuclear Magnetic Resonance NMR (1H NMR) spectra and carbon nuclear 
magnetic resonance (13C NMR) spectra were recorded on a Varian Inova 500 spectrometer. 
Chemical shifts for protons are reported in parts per million and are references to the NMR 
solvent peak (CDCl3: 7.27, DMSO-d6: 2.50). Data are represented as follows: chemical shift, 
integration, multiplicity (br = broad, s = singlet, d = doublet, t = triplet, q = quartet, p = pentet, m 
= multiplet), and coupling constants in Hertz (Hz). Infrared (IR) spectra were obtained using a 
Mettler Toledo ReactIR 15. IR data are represented as frequency of absorption (cm-1).  
Preparation of Starting Materials 
Synthetic procedure 15190  
 




(34 mL, 195 mmol), anhydrous THF (130 mL, 1.5M), and a large stir bar. The flask was cooled 
in an ice bath. A solution of PBr3 (9.24 mL, 97 mmol) in anhydrous THF (10 mL, 9.7 M) was 
added dropwise to the geraniol solution via an addition funnel under argon. After all the PBr3 
was added the solution was allowed to stir at room temperature for 1 hour or until determined 
complete via TLC (50% EtOAc/hexanes, KMnO4 stain). Reaction mixture was poured onto 
chilled DI H2O (0 °C). Reaction flask was rinsed with hexanes and the biphasic mixture was 
allowed to stir for 10 minutes. Product was extracted with hexanes, dried over Na2SO4, 
concentrated under reduced pressure and purified via vacuum distillation, which afforded geranyl 
bromide (92%) as a clear, colorless oil. Spectroscopic properties are consistent with those 
reported in the literature.190 
1H NMR (500 MHz, CHLOROFORM-d)  ppm 1.59 - 1.64 (s, 3 H) 1.69 (s, 3 H) 1.70 - 1.75 (s, 
3 H) 2.00 - 2.18 (m, 4 H) 4.03 (d, J=8.30 Hz, 2 H) 5.02 - 5.12 (m, 1 H) 5.44 - 5.59 (m, 1 H). 
 
15. A flame dried 500-mL round bottom flask was charged with activated, anhydrous Zn 
powder (10.74 g, 164.2 mmol), anhydrous LiCl (3.9 g, 92.3 mmol), anhydrous THF (300 mL), 
and a large stir bar. Flask was placed in a water bath and I2 (824 mg, 3.2 mmol) was quickly 
added to the flask. A geranyl bromide (17.6 g, 81.1 mmol) solution in anhydrous THF (30 mL, 
2.7 M) was added via an addition funnel under argon. After all the geranyl bromide was added 
reaction was allowed to stir in the water bath under argon for 1 hour or until determined 
complete via TLC (100% Hexanes, KMnO4 stain). Mixture was stopped from stirring and solid 




L round bottom flask (on an ice bath) charged with a solution of benzoyl chloride (7.5 mL, 64.6 
mmol) in anhydrous THF (80 mL, 0.8 M) and a large stir bar. Once all the allyl zinc solution was 
transferred the reaction mixture was allowed to stir for 1 hour on an ice bath and under argon or 
until determined complete via TLC (2% EtOAc/Hexanes, KMnO4 stain). A solution of NH4Cl 
(200 mL, aq) and DI H2O (200 mL) were added sequentially and mixture was allowed to stir for 
30 minutes. Product was then extracted with hexanes and concentrated under reduced pressure. 
Resulting residue was then washed three times with 1M NaOH (aq) and extracted with hexanes. 
Combined organic layers were dried over Na2SO4, concentrated under reduced pressure and 
product was purified via vacuum distillation followed by flash chromatography to afford 15 
(41%) as a clear, colorless oil. Spectroscopic properties are consistent with those reported in the 
literature.190 
1H NMR (500 MHz, CHLOROFORM-d)  ppm 1.39 (s, 3 H) 1.46 (s, 3 H) 1.64 (s, 3 H) 1.69 - 
1.82 (m, 2 H) 1.87 - 2.02 (m, 2 H) 5.03 (br. s., 1 H) 5.17 - 5.32 (m, 2 H) 6.18 (dd, J=17.58, 10.74 
Hz, 1 H) 7.34 - 7.41 (m, 2 H) 7.41 - 7.51 (m, 1 H) 7.77 - 7.90 (m, 2 H) 
 
Synthetic procedure 31146 
31 INT A. A 500-mL round bottom flask was charged with phenylalanine (13.2 g, 80 
mmol) and a large stir bar. DI H2O (85 mL, 94 mM) was added followed by the addition of 6.7 
M NaOH aqueous solution (30 mL, 200 mmol) The mixture was allowed to stir at room 
temperature and under air until the solid had completely dissolved. FTsCl (22 g, 90.6 mmol) was 




phenylalanine. The reaction mixture was allowed to stir at room temperature overnight and 
reaction progress was monitored via TLC. After 3 hours the reaction mixture had changed from 
clear and colorless to cloudy white. 1M HCl was added to the reaction mixture until pH=1. 
Product was extracted with EtOAc, organic layers were combined, dried over Na2SO4, and 
concentrated under reduced pressure to yield 31 INT A (quant.) as a white solid. Product was 
utilized in subsequent steps without further purification. Spectroscopic properties are consistent 
with those reported in the literature.146 
1H NMR (500 MHz, DMSO-d6)  ppm 2.70 (dd, J=13.67, 9.77 Hz, 1 H) 2.97 (dd, J=13.92, 4.64 
Hz, 1 H) 3.93 (td, J=9.40, 4.64 Hz, 1 H) 7.06 - 7.15 (m, 5 H) 7.69 (d, J=8.79 Hz, 2 H) 7.75 (d, 
J=8.30 Hz, 2 H) 8.61 (d, J=9.28 Hz, 1 H). 
 
31 WA. In a flame dried 250-mL round bottom flask equipped with a stir bar, 31 INT A 
(10 g, 27.8 mmol) and amine (2.87 g, 29.5 mmol) were added. Flask was capped with a septum 
and placed under Ar. Anhydrous DCM (105 mL, 240 mM) and NMM (5.15 g, 50.9 mmol, 5.6 
mL, 0.92 g/mL) were subsequently added via syringe. Reaction mixture was cooled in an ice 
bath to 0 °C. DCC (6.1 g, 29.5 mmol) was then added in one portion. Reaction was allowed to 
warm to room temperature and was allowed to stir under Ar overnight. Reaction mixture was 
passed through a pad of Celite and flushed with DCM. Organic layer was collected and washed 
with saturated NaHCO3 (aq). Organic layer was then washed with brine, and dried over Na2SO4, 




was dissolved in Et2O and product was isolated via flash chromatography (50% 
EtOAc/Hexanes). Product was concentrated under reduced pressure, yielding 31 WA as a white 
solid (30 %). Spectroscopic properties are consistent with those reported in the literature.146 
1H NMR (500 MHz, CHLOROFORM-d)  ppm 2.79 (dd, J=13.67, 8.30 Hz, 1 H) 2.99 (d, 
J=5.37 Hz, 1 H) 3.00 - 3.04 (m, 4 H) 3.54 (s, 3 H) 4.51 - 4.60 (m, 1 H) 5.58 (d, J=8.79 Hz, 1 H) 
7.06 (dd, J=6.35, 2.93 Hz, 2 H) 7.16 - 7.21 (m, 3 H) 7.61 (m, J=7.81 Hz, 2 H) 7.75 (m, J=7.81 
Hz, 2 H). 
 
31 INT B. Mg turnings were washed with 0.5 M HCl in an Erlenmeyer flask until they 
appeared shiny. Et2O was added and decanted out of the flask, which was repeated until all the 
HCl was gone. Mg turnings and a small portion of Et2O were transferred to 100 mL round 
bottom flask. Et2O was removed under reduced pressure. Crushed Mg turnings (754 mg, 31 
mmol) were transferred to a 100-mL flame dried round bottom flask equipped with a stir bar and 
flask was placed under Ar atmosphere. Anhydrous THF (21 mL, 1.5 M) was added via syringe 
followed by the addition of bromobenzene (4.90 g, 31 mmol, 3.3 mL, 1.50 g/mL). Once all the 
Mg turnings had dissolved 31 WA (3.8 g, 9 mmol) was dissolved in anhydrous THF (21 mL, 430 
mM). The Weinreb amide solution was added dropwise to the Grignard solution via syringe (18 
G needle) on an ice bath. Reaction mixture was allowed to stir and warm to room temperature 
overnight. Reaction was quenched with NH4Cl (aq) and diluted and extracted with EtOAc. 
Organic layers were combined, washed with brine, and dried over Na2SO4. Resulting solution 




which was used without further purification. Spectroscopic properties are consistent with those 
reported in the literature.146 
1H NMR (500 MHz, CHLOROFORM-d)  ppm 2.92 (dd, J=13.92, 7.08 Hz, 1 H) 3.17 (dd, 
J=14.16, 5.37 Hz, 1 H) 5.10 - 5.25 (m, 1 H) 5.68 (d, J=9.28 Hz, 1 H) 6.97 - 7.03 (m, 2 H) 7.16 - 
7.22 (m, 3 H) 7.44 - 7.49 (m, 2 H) 7.55 (d, J=8.30 Hz, 2 H) 7.59 - 7.65 (m, 1 H) 7.77 (d, J=8.30 
Hz, 4 H) 
 
31. A 100-mL round bottom flask was charged with 31 INT B (3.37 g, 7.8 mmol) and a 
football stir bar. Flask was capped with a septum and placed under Ar atmosphere. Dry DMF (65 
mL, 120 mM) was added via syringe and reaction was placed on an ice bath. K2CO3 (2.2 g, 16 
mmol) was added in one portion and flask was quickly recapped. Reaction was allowed to stir at 
0 °C for 30 minutes. After 30 minutes cinnamyl bromide (1.6 g, 8.1 mmol) was dissolved in dry 
DMF (5 mL, 1.62 M) and solution was added via syringe and reaction mixture was allowed to 
stir vigorously at room temperature overnight. Reaction was diluted in DI H2O and EtOAc was  
added. EtOAc was washed with DI H2O multiple times to extract DMF. EtOAc layer was then 
washed with brine and dried over Na2SO4 and concentrated under reduced pressure. Product was 
purified via flash chromatography (20% EtOAc/Hexanes) yielding 31 (24%) as a yellow oil. 
Spectroscopic properties are consistent with those reported in the literature.146 
1H NMR (500 MHz, CHLOROFORM-d)  ppm 2.92 (dd, J=13.92, 7.08 Hz, 1 H) 3.17 (dd, 




7.22 (m, 3 H) 7.44 - 7.49 (m, 2 H) 7.55 (d, J=8.30 Hz, 2 H) 7.59 - 7.65 (m, 1 H) 7.77 (d, J=8.30 
Hz, 4 H.) 
Kinetic Analysis 
Procedure for kinetic analysis. 
 
FeCl3-mediated carbonyl-olefin metathesis reaction of 15. FeCl3 (3.0 mg, 18.5 µmol) 
was added to a flame-dried 25-mL round bottom flask under an inert atmosphere with a stir bar. 
The flask was sealed with a septum and moved to the hood and an Ar line was inserted. The flask 
was placed in a jacketed beaker connected to a circulator (0 °C). Anhydrous DCE was added (14 
mL, 25 mM final concentration). The slurry was stirred for 15 min to reach temperature. 15 was 
prepared as a stock solution of 90 mg 15 per 1 mL anhydrous DCE. 15 solution was added (1 mL 
solution) via syringe to the reaction mixture. 50 µL aliquots were sampled via syringe. 10 μL 
reaction solution was dissolved in 980 μL 2:1 MeCN:H2O containing 10 μL of 1.25 mg/mL 
naphthalene in 2:1 MeCN:H2O. Samples were analyzed via reverse-phase UPLC, using a Waters 
Acquity H-Class UPLC with a transmission UV/Vis detector and an Acquity UPLC BEH C18 
1.7 µm column. Plotting and trendline analysis were performed with GraphPad Prism 8. 
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Table S1. Raw data for Figure S1.  
 
15 mol%  10 mol% 
 A B   A B C 
Time (s) [15] (mM)  Time (s) [15] (mM) 
30 19.55081 19.48874  30 20.23604 20.83365 20.51779 
60 17.16089 16.58211  60 19.14676 19.00579 18.14652 
90 15.71765 13.99184  90 16.45056 17.1903 16.82194 
120 12.35385 12.44831  120 14.5073 14.22078 15.42975 
180 8.582548 7.994463  180 10.86814 10.95916 11.6332 
240 5.76488 5.479149  240 8.650737 8.470544 8.883485 
300 3.918314 3.44869  300 6.724491 6.724148 7.605176 
360 2.667766 2.228958  360 5.276299 5.209102 6.143893 
420 1.864528 1.663064  420 4.296386 4.359131 4.560465 
480 1.391946 1.410122  480 3.622505 3.500782 4.125232 
540 1.231415 1.213971  540 3.078243 2.815991 3.048581 
600 1.090056 0.952375  600 2.682682 2.398671 2.472977 
    900 1.208544 1.38177 1.420836 
    1200 1.135883 1.102387 0.898951 
 
 
       
 
Figure S1. Impact of FeCl3 loading on carbonyl-olefin metathesis of 15. 15 mol% FeCl3 (left). 10 
mol% FeCl3 (right). [15] were averaged and plotted. All times are absolute reaction times from the 
addition of starting material. 
 
Table S2. Ln([15]) data for Figure S2. 
 
15 mol%  10 mol% 
Time (s) Average ln([15])  Time (s) Average ln([15]) 
30 2.971428014  30 3.02184616 
60 2.825626018  60 2.932065767 
90 2.698319279  90 2.82262426 
120 2.517783594  120 2.689158088 
180 2.114869642  180 2.411753373 
240 1.726690048  240 2.159667517 
300 1.303863979  300 1.948469437 
360 0.895419162  360 1.71255353 





Figure S2. Impact of FeCl3 loading on carbonyl-olefin metathesis of 15. 15 mol% FeCl3 (left). 10 
mol% FeCl3 (right). All times are absolute reaction times from the addition of starting material. 
Data presented are from after the initiation period (approximately 20% conversion) until the end 
of the initial rate.  
 
Table S3. Trendline data for Figure S2.  
 
 15 mol%  10 mol%  
Slope -6.40E-03 ± 1.00E-04  Slope -4.00E-03 ± 5.00E-05 
Y-intercept 3.23 ± 0.03  Y-intercept 3.16 ± 0.01 
R Square 0.9979 R Square 0.9987 
 
Rate order: 1.13 ± 0.03 
Impact of 3 on rate of FeCl3-mediated carbonyl-olefin metathesis reaction of 15. 
 0.5 equiv 3 procedure. FeCl3 (3.0 mg, 18.5 µmol) was added to a flame-dried 25-mL 
round bottom flask under an inert atmosphere with a stir bar. 3 (11.76 mg, 202.5 µmol, 15 µL, 
0.784 g/mL). The flask was sealed with a septum and moved to the hood and an Ar line was 
inserted. Anhydrous DCE was added (14 mL, 25 mM final concentration). The flask was placed 
in a jacketed beaker connected to a circulator (0 °C). The solution was stirred for 15 min to reach 
temperature. 15 was prepared as a stock solution of 90 mg substrate per 1 mL anhydrous DCE. 
15 solution was added (1 mL solution) via syringe to the reaction mixture. 50 µL aliquots were 
sampled via syringe. 10 μL reaction solution was dissolved 980 μL 2:1 MeCN:H2O containing 




UPLC, using a Waters Acquity H-Class UPLC with a transmission UV/Vis detector and an 
Acquity UPLC BEH C18 1.7 µm column. Plotting and trendline analysis were performed with 
GraphPad Prism 8. 
0.2 equiv 3 procedure. FeCl3 (3.0 mg, 18.5 µmol) was added to a flame-dried 25-mL 
round bottom flask under an inert atmosphere with a stir bar. 3 (4.31 mg, 74.24 µmol, 5.5 µL, 
0.784 g/mL). The flask was sealed with a septum and moved to the hood and an Ar line was 
inserted. Anhydrous DCE was added (14 mL, 25 mM final concentration). The flask was placed 
in a jacketed beaker connected to a circulator (0 °C). The solution was stirred for 15 min to reach 
temperature. 15 was prepared as a stock solution of 90 mg substrate per 1 mL anhydrous DCE. 
15 solution was added (1 mL solution) via syringe to the reaction mixture. 50 µL aliquots were 
sampled via syringe. 10 μL reaction solution was dissolved 980 μL 2:1 MeCN:H2O containing 
10 μL of 1.25 mg/mL naphthalene in 2:1 MeCN:H2O. Samples were analyzed via reverse-phase 
UPLC, using a Waters Acquity H-Class UPLC with a transmission UV/Vis detector and an 
Acquity UPLC BEH C18 1.7 µm column. Plotting and trendline analysis were performed with 



















Table S4. Raw Data for Impact of 3 on FeCl3-catalyzed carbonyl-olefin metathesis of 15. 
 
 FeCl3    0.5 equiv 3   0.2 equiv 3 



















30 21.82234 20.6346  60 23.03053 24.2201  60 21.94741 20.19593 
60 20.68273 17.77842  120 22.6511 24.15399  120 20.72786 19.82866 
90 16.59212 15.80482  180 21.24379 22.0634  180 20.66479 18.84274 
120 16.22589 15.71073  240 20.7355 21.29  240 18.74538 18.11854 
180 13.74611 13.47282  300 21.25654 21.20665  300 18.83586 17.01696 
240 12.85402 11.15457  360 20.03787 21.26646  360 18.10421 17.46535 
300 10.19734 11.32233  420 19.50524 22.84053  420 16.94322 15.61337 
360 9.287599 8.728394  480 19.51922 19.69803  480 16.19581 14.60387 
420 8.438752 8.621922  540 18.90887 19.29039  540 15.48611 14.67248 
480 7.417216 7.866801  600 18.35843 19.54051  600 15.98889 14.87474 
540 6.043187 6.92235  900 16.88206 17.04511  900 13.13739 11.71523 
600 5.763732 6.377876  1200 15.75257 16.08989  1200 11.02734 9.534533 
900 2.982469 4.127161  1500 13.46116 15.56295  1500 10.69633 8.643767 
    1800 12.32915 13.96988  1800 8.493757 7.303683 
    2700 10.54351 12.31343  2700 5.583373 5.070267 
           
 
Figure S3. Metal halide-catalyzed carbonyl-olefin metathesis of 15. FeCl3-mediated system (■), 
GaCl3-mediated system (●), FeCl3-mediated system with 0.5 equiv 3 (□), GaCl3-mediated system 
with 0.5 equiv 3 (○) 
 
Impact of 3 on rate of GaCl3-mediated carbonyl-olefin metathesis reaction of 15. 
 
GaCl3 procedure. GaCl3 (3.3 mg, 18.74 µmol) was added to a flame-dried 25-mL round 
bottom flask under an inert atmosphere with a stir bar. The flask was sealed with a septum and 
moved to the hood and an Ar line was inserted. The flask was placed in a jacketed beaker 














connected to a circulator (0 °C). Anhydrous DCE was added (14 mL, 25 mM final 
concentration). The slurry was stirred for 15 min to reach temperature. 15 was prepared as a 
stock solution of 90 mg 15 per 1 mL anhydrous DCE. 15 solution was added (1 mL solution) via 
syringe to the reaction mixture. 50 µL aliquots were sampled via syringe. 10 μL reaction solution 
was dissolved in 980 μL 2:1 MeCN:H2O containing 10 μL of 1.25 mg/mL naphthalene in 2:1 
MeCN:H2O. Samples were analyzed via reverse-phase UPLC, using a Waters Acquity H-Class 
UPLC with a transmission UV/Vis detector and an Acquity UPLC BEH C18 1.7 µm column. 
Plotting and trendline analysis were performed with GraphPad Prism 8. 
0.5 equiv 3 procedure. GaCl3 (3.3 mg, 18.74 µmol) was added to a flame-dried 25-mL 
round bottom flask under an inert atmosphere with a stir bar. 3 (11.76 mg, 202.5 µmol, 15 µL, 
0.784 g/mL). The flask was sealed with a septum and moved to the hood and an Ar line was 
inserted. Anhydrous DCE was added (14 mL, 25 mM final concentration). The flask was placed 
in a jacketed beaker connected to a circulator (0 °C). The solution was stirred for 15 min to reach 
temperature. 15 was prepared as a stock solution of 90 mg substrate per 1 mL anhydrous DCE. 
15 solution was added (1 mL solution) via syringe to the reaction mixture. 50 µL aliquots were 
sampled via syringe. 10 μL reaction solution was dissolved 980 μL 2:1 MeCN:H2O containing 
10 μL of 1.25 mg/mL naphthalene in 2:1 MeCN:H2O. Samples were analyzed via reverse-phase 
UPLC, using a Waters Acquity H-Class UPLC with a transmission UV/Vis detector and an 
Acquity UPLC BEH C18 1.7 µm column. Plotting and trendline analysis were performed with 
GraphPad Prism 8. 
0.2 equiv 3 procedure. 
GaCl3 (3.3 mg, 18.74 µmol) was added to a flame-dried 25-mL round bottom flask under an 




sealed with a septum and moved to the hood and an Ar line was inserted. Anhydrous DCE was 
added (14 mL, 25 mM final concentration). The flask was placed in a jacketed beaker connected 
to a circulator (0 °C). The solution was stirred for 15 min to reach temperature. 15 was prepared 
as a stock solution of 90 mg substrate per 1 mL anhydrous DCE. 15 solution was added (1 mL 
solution) via syringe to the reaction mixture. 50 µL aliquots were sampled via syringe. 10 μL 
reaction solution was dissolved 980 μL 2:1 MeCN:H2O containing 10 μL of 1.25 mg/mL 
naphthalene in 2:1 MeCN:H2O. Samples were analyzed via reverse-phase UPLC, using a Waters 
Acquity H-Class UPLC with a transmission UV/Vis detector and an Acquity UPLC BEH C18 
1.7 µm column. Plotting and trendline analysis were performed with GraphPad Prism 8. 
Table S5. Raw Data for Impact of 3 on GaCl3-catalyzed carbonyl-olefin metathesis of 15.  
 
 GaCl3    0.5 equiv 3   0.2 equiv 3 



















60 22.23496 21.28347  60 25.27141 23.95051  60 23.19348 22.41191 
120 19.94694 18.46184  120 23.36711 24.5697  120 22.36288 21.64857 
180 18.76675 17.73865  180 22.69865 22.96969  180 21.18628 21.42892 
240 20.84369 18.4185  240 23.16648 22.4441  240 21.41098 20.72168 
300 17.93454 16.69093  300 23.74245 22.81863  300 21.26891 20.1224 
360 16.57968 16.37623  360 22.41229 22.72626  360 19.78798 19.26622 
420 17.07356 16.34266  420 22.64033 22.07372  420 19.49261 19.64518 
480 16.76357 16.06096  480 22.65179 21.76603  480 21.21089 19.26711 
540 16.49751 15.30322  540 21.62431 21.25146  540 18.202 18.24402 
600 15.68333 15.13186  600 22.03102 21.97874  600 20.63659 17.98779 
900 15.29411 13.06849  900 22.16771 19.48798  900 17.59297 16.35781 
1200 13.21694 13.04548  1200 18.89633 19.12986  1200 15.69135 15.8205 
1500 11.78123 11.23866  1500 17.62956 18.47651  1500 15.30435 14.43802 
1800 10.82211 9.978647  1800 16.68594 17.90444  1800 15.2026 13.03624 
2400 10.21757 9.102911  2400 15.66527 15.87388  2400 12.95415 12.21928 
 
Temperature mitigated byproduct inhibition. FeCl3 (3.0 mg, 18.5 µmol) was added to 
a flame-dried 25-mL round bottom flask under an inert atmosphere with a stir bar. 3 (11.76 mg, 
202.5 µmol, 15 µL, 0.784 g/mL). The flask was sealed with a septum and moved to the hood and 




°C). Anhydrous DCE was added (14 mL, 25 mM final concentration). The slurry was stirred for 
15 min to reach temperature. 15 was prepared as a stock solution of 90 mg 15 per 1 mL 
anhydrous DCE. 15 solution was added (1 mL solution) via syringe to the reaction mixture. 50 
µL aliquots were sampled via syringe. 10 μL reaction solution was dissolved in 980 μL 2:1 
MeCN:H2O containing 10 μL of 1.25 mg/mL naphthalene in 2:1 MeCN:H2O. Samples were 
analyzed via reverse-phase UPLC, using a Waters Acquity H-Class UPLC with a transmission 
UV/Vis detector and an Acquity UPLC BEH C18 1.7 µm column. Plotting and trendline analysis 
were performed with GraphPad Prism 8 and Microsoft Excel. 
Table S6. Raw data for Figure S4.  
 






















FeCl3-mediated carbonyl-olefin metathesis reaction of 31. FeCl3 (6.7 mg, 41.5 µmol) 
was added to a flame-dried 25-mL round bottom flask under an inert atmosphere with a stir bar. 
The flask was sealed with a septum and moved to the hood and an Ar line was inserted. The flask 
was placed in a jacketed beaker connected to a circulator (0 °C). Anhydrous DCE was added (8.5 
mL, 10 mM final concentration). The slurry was stirred for 15 min to reach temperature. 
Substrate was prepared as a stock solution of 90 µmol substrate per 0.37 mL anhydrous DCE. 
Substrate solution was added (0.37 mL solution) via syringe to the reaction mixture. 50 µL 
aliquots were sampled via syringe. 10 μL reaction solution was dissolved 980 μL 2:1 
MeCN:H2O containing 10 μL of 1.25 mg/mL naphthalene in 2:1 MeCN:H2O. Samples were 
analyzed via reverse-phase UPLC, using a Waters Acquity H-Class UPLC with a transmission 
UV/Vis detector and an Acquity UPLC BEH C18 1.7 µm column. Plotting and trendline analysis 
were performed with GraphPad Prism 8 
0.5 equiv 13 procedure. FeCl3 (6.7 mg, 41.5 µmol) was added to a flame-dried 25-mL 
round bottom flask under an inert atmosphere with a stir bar. Anhydrous DCE  (8.5 mL, 10 mM 
final concentration) and 13 (5.2 mg, 49 µmol, 5 µL, 1.04 g/mL) were added to the flask. The 
flask was sealed with a septum and moved to the hood and an Ar line was inserted. The flask was 
placed in a jacketed beaker connected to a circulator (0 °C). The solution was stirred for 15 min 
to reach temperature. Substrate was prepared as a stock solution of 90 µmol substrate per 0.37 
mL anhydrous DCE. Substrate solution was added (0.37 mL solution) via syringe to the reaction 




2:1 MeCN:H2O containing 10 μL of 1.25 mg/mL naphthalene in 2:1 MeCN:H2O. Samples were 
analyzed via reverse-phase UPLC, using a Waters Acquity H-Class UPLC with a transmission 
UV/Vis detector and an Acquity UPLC BEH C18 1.7 µm column. Plotting and trendline analysis 
were performed with GraphPad Prism 8. 
Table S7. Raw Data for Impact of 13 on FeCl3-catalyzed carbonyl-olefin metathesis of 31. 
 
FeCl3  0.5 equiv 13 
 A B   A B 
Time (s) [31] (mM) [31] (mM)  Time (s) [31] (mM) [31] (mM) 
0 10 10  0 10 10 
120 9.201 9.009  120 9.248 8.756 
240 8.342 8.175  360 8.736 8.558 
360 7.579 7.259  480 8.652 8.457 
480 6.828 6.558  600 8.149 8.691 
600 5.941 5.516  900 8.62 8.529 
900 4.889 4.734  1200 8.482 8.476 
1200 4.018 3.842  1500 8.349 8.173 
1500 3.62 3.594  1800 8.257 7.753 
1800 3.158 3.008  2400 7.56 8.181 
2400 2.592 2.51  3000 7.49 7.33 
3000 2.093 2.026  3600 6.893 7.039 
3600 1.852 1.719     
 
GaCl3-mediated carbonyl-olefin metathesis reaction of 31. GaCl3 (7.3 mg, 41.5 µmol) 
was added to a flame-dried 25-mL round bottom flask under an inert atmosphere with a stir bar. 
The flask was sealed with a septum and moved to the hood and an Ar line was inserted. The flask 
was placed in a jacketed beaker connected to a circulator (0 °C). Anhydrous DCE was added (8.5 
mL, 10 mM final concentration). The solution was stirred for 15 min to reach temperature. 
Substrate was prepared as a stock solution of 90 µmol substrate per 0.37 mL anhydrous DCE. 
Substrate solution was added (0.37 mL solution) via syringe to the reaction mixture. 50 µL 
aliquots were sampled via syringe. 10 μL reaction solution was dissolved 980 μL 2:1 
MeCN:H2O containing 10 μL of 1.25 mg/mL naphthalene in 2:1 MeCN:H2O. Samples were 




UV/Vis detector and an Acquity UPLC BEH C18 1.7 µm column. Plotting and trendline analysis 
were performed with GraphPad Prism 8. 
0.5 equiv 13 procedure. GaCl3 (7.3 mg, 41.5 µmol) was added to a flame-dried 25-mL 
round bottom flask under an inert atmosphere with a stir bar. Anhydrous DCE (8.5 mL, 10 mM 
final concentration) and 13 (5.2 mg, 49 µmol, 5 µL, 1.04 g/mL) were added to the flask. The 
flask was sealed with a septum and moved to the hood and an Ar line was inserted. The flask was 
placed in a jacketed beaker connected to a circulator (0 °C). The solution was stirred for 15 min 
to reach temperature. Substrate was prepared as a stock solution of 90 µmol substrate per 0.37 
mL anhydrous DCE. Substrate solution was added (0.37 mL solution) via syringe to the reaction 
mixture. 50 µL aliquots were sampled via syringe. 10 μL reaction solution was dissolved 980 μL 
2:1 MeCN:H2O containing 10 μL of 1.25 mg/mL naphthalene in 2:1 MeCN:H2O. Samples were 
analyzed via reverse-phase UPLC, using a Waters Acquity H-Class UPLC with a transmission 
UV/Vis detector and an Acquity UPLC BEH C18 1.7 µm column. Plotting and trendline analysis 
were performed with GraphPad Prism 8. (There was no reaction after 4 hours; therefore, reaction 
was not repeated).  
Table S8. Raw Data for Impact of 13 on GaCl3-catalyzed carbonyl-olefin metathesis of 31.  
 
GaCl3 
 0.5 equiv 13 
 A B   A 
Time (s) [31] (mM) [31] (mM)  Time (s) [31] (mM) 
0 10 10  0 10 
15 8.549 8.763  120 10 
30 8.301 8.661  360 10 
45 7.803 8.353  480 10 
60 7.495 7.807  600 10 
90 6.836 7.161  900 10 
120 6.698 6.703  1200 10 
240 5.437 5.25  1500 10 
360 4.834 4.752  1800 10 
480 4.393 4.139  2400 10 
600 3.995 4.099  3000 10 
900 3.69 3.513  3600 10 
1200 3.301 3.287    
1800 3.114 2.879    
2400 2.773 2.719    
3000 2.502 2.671    





General procedure for GaCl3 complexation. 
GaCl3 (176 mg, 1 mmol) was added to a flame-dried 25 mL 2-neck round bottom flask 
under inert atmosphere with a stir bar. The flask was sealed with septa, taken out of the box, and 
an Ar balloon was inserted. The flask was placed in a water bath in a jacketed beaker connected 
to an electric circulator set to 30 °C. Anhydrous DCE was added (6 mL, 163 mM). The 
homogeneous solution was stirred for 15 minutes to reach temperature. Carbonyl was added in 
10 µL increments to the 2nd equivalence point of carbonyl, then 20 μL increments were added 
until 3rd equivalence point was reached, then 100 µL injections were added until 6 equivalents 
of carbonyl were reached. Complexation was analyzed via real-time infrared spectroscopy, using 
a Mettler Toledo ReactIR 15. Plotting and trendline analysis were performed with GraphPad 
Prism 8 and Microsoft Excel.  
 
 



























Figure S7. Titration of 13 with GaCl3 from 0-0.17 M.  
 
 



























































Figure S10. Titration of 14 with GaCl3 from 0.182-0.954 M. 
 
General procedure for FeCl3 complexation. 
 FeCl3 (330 mg, 2 mmol) was added to a flame-dried 25 mL 2-neck round bottom flask 
under inert atmosphere with a stir bar. The flask was sealed with septa, taken out of the box, and 
an Ar balloon was inserted. The flask was placed in a water bath in a jacketed beaker connected 
to an electric circulator set to 30 °C. Anhydrous DCE was added (12 mL, 169 mM). The slurry 
was stirred for 15 minutes to reach temperature. Carbonyl was added in 10 µL increments to the 
2nd equivalence point of carbonyl, then 20 μL increments were added until 3rd equivalence point 
was reached, then 100 µL injections were added until 6 equivalents of carbonyl were reached.  




































15. Plotting and trendline analysis were performed with GraphPad Prism 8 and Microsoft Excel.  
 
 

































































































































Experiments with 25 
Synthetic procedure 25. 
 
25 INT. A flame dried 250-mL round bottom flask was charged with 5% Pd/C (786 mg, 
369 µmol) MeOH (90 mL, 4.1 mM) and a stir bar. The suspension was sparged with H2 for 30 
minutes. 15 (1.2 g, 4.95 mmol) was diluted in MeOH (5 mL, 1M) and solution was added 
dropwise to the flask containing Pd/C. After all the 15 was added flask was placed under H2 
atmosphere (balloon). Slurry was allowed to stir at room temperature overnight until determined 
complete via TLC (2% EtOAc/Hexanes). Reaction mixture was passed through a plug of Celite 
and flushed with DCM. Resulting filtrate was concentrated under reduced pressure, which 







25. A flame dried 100-mL round bottom flask was charged with DMSO (2.10 mL, 29.68 
mmol) and a rice stir bar and was placed in a dry ice/acetone bath (-78 °C) and placed under Ar 
atmosphere. A solution of oxalyl chloride (1.25 mL, 14.55 mmol) in anhydrous DCM (10 mL, 
1.45 M) was then added to the flask via syringe. Mixture was allowed to stir for 15 minutes. 
Then, a solution of the 25 INT (2.54 g, 10.23 mmol) in anhydrous DCM (10 mL, 1 M) was 
added and mixture was allowed to stir for 10 minutes before Et3N (8.9 mL, 63.95 mmol) was 




added to the flask. Reaction mixture was then allowed to warm to room temperature and was 
milky white. Reaction was allowed to stir at room temperature for 2 hours. After 2 hours, solvent 
was removed via rotary evaporation and product was extracted with EtOAc and washed with 
Na2CO3 (aq) and brine. Organic layers were combined and dried over Na2SO4 and mixture was 
concentrated under reduced pressure. Resulting oil was purified further through flash 
chromatography, which afforded 26 (81%) as a clear, orange oil. 1H NMR (500 MHz, 
CHLOROFORM-d)  ppm 0.77 - 0.89 (m, 9 H) 1.06 - 1.14 (m, 2 H) 1.24 (s, 3 H) 1.49 (quin, 
J=6.59 Hz, 1 H) 1.52 - 1.60 (m, 1 H) 1.60 - 1.71 (m, 2 H) 1.78 - 1.89 (m, 1 H) 1.94 (dq, J=14.22, 
7.14 Hz, 2 H) 7.37 - 7.42 (m, 2 H) 7.43 - 7.49 (m, 1 H) 7.62 - 7.69 (m, 2 H). 13C NMR (126 
MHz, CHLOROFORM-d)  ppm 9.13, 22.33, 22.47, 22.75, 22.78, 27.93, 32.36, 39.77, 39.82, 
52.19, 126.59, 127.50, 128.30, 128.83, 129.25, 130.85 and 209.52.  
General GaCl3 procedure for 25 complexation. 
 GaCl3 (88 mg, 0.5 mmol) was added to a flame-dried 25 mL 2-neck round bottom flask 
under inert atmosphere with a stir bar. The flask was sealed with septa, taken out of the box, and 
an Ar balloon was inserted. The flask was placed in an oil bath set to 30 °C. Anhydrous DCE 
was added (3 mL, 167 mM). The homogeneous solution was stirred for 15 minutes to reach 
temperature. 25 was added in 10 µL increments to the 2nd equivalence point of carbonyl, then 20 
μL increments were added until the 4th equivalence point was reached. Complexation was 
analyzed via real-time infrared spectroscopy, using a Mettler Toledo ReactIR 15. Plotting and 










Figure S18. Titration of 25 with GaCl3 from 0.2-0.98 M. 
 
General FeCl3 procedure for 25 complexation. 
 FeCl3 (81 mg, 0.5 mmol) was added to a flame-dried 25 mL 2-neck round bottom flask 
under inert atmosphere with a stir bar. The flask was sealed with septa, taken out of the box, and 
an Ar balloon was inserted. The flask was placed in a water bath in a jacketed beaker connected 
to an electric circulator set to 30 °C. Anhydrous DCE was added (3 mL, 167 mM). The slurry 
was stirred for 15 minutes to reach temperature. 25 was added in 10 µL increments to the 2nd 
equivalence point of carbonyl, then 20 μL increments were added until 4th equivalence point was 
reached. Complexation was analyzed via real time infrared spectroscopy, using a Mettler Toledo 
ReactIR 15. Plotting and trendline analysis were performed with GraphPad Prism 8 and 








































Figure S20. Titration of 26 with FeCl3 from 0.2-0.98 M.  
 
General procedure for competition study for Figure 10. 
 Preformed 1:1 coordination complex 7. FeCl3 (81 mg, 0.5 mmol) was added to a  
flame-dried 25 mL 2-neck round bottom flask under inert atmosphere with a stir bar. The flask 
was sealed with septa, taken out of the box, and an Ar balloon was inserted. The flask was placed 
in a water bath in a jacketed beaker connected to an electric circulator set to 35 °C. Anhydrous 
DCE was added (3 mL, 167 mM). The slurry was stirred for 15 minutes to reach temperature. 1 
equiv 3 (0.5 mmol, 37 µL) was added in 4 portions to preform 1:1 coordination complex 7. 25 
was added incrementally (0.045 M, 0.074 M, 0.103 M, 0.123 M, 0.174 M, 0.202 M, 0.257 M, 



































was analyzed via real time infrared spectroscopy, using a Mettler Toledo ReactIR 15. Plotting 
and trendline analysis were performed with GraphPad Prism 8.  
Preformed coordination complex 28 for Figure 10. FeCl3 (81 mg, 0.5 mmol) was 
added to a flame-dried 25 mL 2-neck round bottom flask under inert atmosphere with a stir bar. 
The flask was sealed with septa, taken out of the box, and an Ar balloon was inserted. The flask 
was placed in a water bath in a jacketed beaker connected to an electric circulator set to 35 °C. 
Anhydrous DCE was added (3 mL, 167 mM). The slurry was stirred for 15 minutes to reach 
temperature. 2 equiv 3 (1 mmol, 74 µL) was added in 4 portions to preform highly-ligated 
complex 28. 25 was added incrementally (0.045 M, 0.074 M, 0.103 M, 0.131 M, 0.174 M, 0.201 
M, 0.256 M, 0.321 M, 0.373 M, 0.471 M, 0.589 M) until 4th equivalence point was reached. 
Complexation was analyzed via real time infrared spectroscopy, using a Mettler Toledo ReactIR 






Figure S21. Beer-Lambert relationship for 3. 
 
































Figure S23. Beer-Lambert relationship for 14.   
 
 
Figure S24. Beer-Lambert relationship for 25. 
 


















































Figure S25. Analysis of components with GaCl3: 13 and 18 (A); 14 and 19 (B). 
GaCl3 complexation: 
 
Table S9. Complexation between 3 and GaCl3 used in Figure 56A. 
 
17 3 
3 (equiv) 1635 cm-1 (a.u) Total Volume (L) CCOORD (a.u *L) 3 (equiv) 3 (a.u) Total Volume (L) COBS (a.u *L) 
0.00E+00 6.32E-03 6.00E-03 3.79E-05 0.00E+00 3.15E-03 6.00E-03 1.89E-05 
1.35E-01 2.09E-02 6.01E-03 1.26E-04 1.35E-01 4.02E-03 6.01E-03 2.41E-05 
2.70E-01 3.59E-02 6.02E-03 2.16E-04 2.70E-01 3.25E-03 6.02E-03 1.95E-05 
4.05E-01 5.01E-02 6.03E-03 3.02E-04 4.05E-01 3.66E-03 6.03E-03 2.21E-05 
5.41E-01 6.26E-02 6.04E-03 3.78E-04 5.41E-01 3.78E-03 6.04E-03 2.28E-05 
6.76E-01 7.62E-02 6.05E-03 4.61E-04 6.76E-01 4.07E-03 6.05E-03 2.46E-05 
8.11E-01 8.64E-02 6.06E-03 5.24E-04 8.11E-01 3.96E-03 6.06E-03 2.40E-05 
9.46E-01 8.96E-02 6.07E-03 5.44E-04 9.46E-01 1.02E-02 6.07E-03 6.22E-05 
1.08E+00 8.98E-02 6.08E-03 5.46E-04 1.08E+00 1.66E-02 6.08E-03 1.01E-04 
1.22E+00 8.87E-02 6.09E-03 5.40E-04 1.22E+00 2.69E-02 6.09E-03 1.64E-04 
1.35E+00 8.78E-02 6.10E-03 5.36E-04 1.35E+00 3.75E-02 6.10E-03 2.29E-04 
1.49E+00 8.68E-02 6.11E-03 5.31E-04 1.49E+00 4.99E-02 6.11E-03 3.05E-04 
1.62E+00 8.64E-02 6.12E-03 5.29E-04 1.62E+00 6.25E-02 6.12E-03 3.83E-04 
1.76E+00 8.55E-02 6.13E-03 5.24E-04 1.76E+00 7.22E-02 6.13E-03 4.43E-04 
1.89E+00 8.42E-02 6.14E-03 5.17E-04 1.89E+00 8.40E-02 6.14E-03 5.16E-04 
2.03E+00 8.38E-02 6.15E-03 5.16E-04 2.03E+00 9.47E-02 6.15E-03 5.83E-04 
2.16E+00 8.49E-02 6.16E-03 5.23E-04 2.16E+00 1.08E-01 6.16E-03 6.64E-04 
2.30E+00 8.38E-02 6.17E-03 5.17E-04 2.30E+00 1.18E-01 6.17E-03 7.25E-04 
2.43E+00 8.35E-02 6.18E-03 5.16E-04 2.43E+00 1.27E-01 6.18E-03 7.87E-04 
2.57E+00 8.27E-02 6.19E-03 5.12E-04 2.57E+00 1.38E-01 6.19E-03 8.54E-04 
2.84E+00 8.20E-02 6.21E-03 5.10E-04 2.84E+00 1.48E-01 6.21E-03 9.18E-04 
2.97E+00 8.07E-02 6.22E-03 5.02E-04 2.97E+00 1.56E-01 6.22E-03 9.70E-04 
3.11E+00 8.04E-02 6.23E-03 5.01E-04 3.11E+00 1.65E-01 6.23E-03 1.03E-03 
3.38E+00 7.99E-02 6.25E-03 5.00E-04 3.38E+00 1.82E-01 6.25E-03 1.14E-03 
3.65E+00 7.93E-02 6.27E-03 4.97E-04 3.65E+00 2.01E-01 6.27E-03 1.26E-03 
5.00E+00 7.72E-02 6.37E-03 4.92E-04 5.00E+00 3.38E-01 6.37E-03 2.15E-03 
6.35E+00 7.51E-02 6.47E-03 4.86E-04 6.35E+00 4.42E-01 6.47E-03 2.86E-03 
 
Table S9 summarizes the normalization of the absorbance of the max of 3 observed 
(COBS) and coordination complex (CCOORD), which was determined by Eq. S2  
                   𝑆𝑖𝑔𝑛𝑎𝑙 𝑛𝑜𝑟𝑚𝑎𝑙𝑖𝑧𝑎𝑡𝑖𝑜𝑛 =  𝜆𝑚𝑎𝑥 ∗ (𝐷𝐶𝐸 + 𝑐𝑎𝑟𝑏𝑜𝑛𝑦𝑙 𝑎𝑑𝑑𝑒𝑑)                 (S2) 





























































Where DCE and 3 added are in liters and max of COBS is at 1714 cm
-1 and max of CCOORD is at 
1635 cm-1. Theoretical 3 (a.u *L) was calculated by taking CADD (M) and utilizing the Beer-
Lambert relationship of unbound 3 (Figure S21) to find the theoretical absorbance for COBS. 
Table S10. Complexation between 13 and GaCl3 used in Figure S25A. 
 
18 13 










0.00E+00 -9.51E-03 6.00E-03 -5.71E-05 0.00E+00 -3.52E-03 6.00E-03 -2.11E-05  
9.80E-02 1.87E-02 6.01E-03 1.13E-04 9.80E-02 -1.87E-04 6.01E-03 -1.12E-06  
1.96E-01 4.63E-02 6.02E-03 2.78E-04 1.96E-01 5.06E-04 6.02E-03 3.05E-06  
2.94E-01 7.28E-02 6.03E-03 4.39E-04 2.94E-01 1.77E-03 6.03E-03 1.07E-05  
3.92E-01 9.61E-02 6.04E-03 5.81E-04 3.92E-01 1.35E-03 6.04E-03 8.16E-06  
4.90E-01 1.21E-01 6.05E-03 7.31E-04 4.90E-01 2.07E-03 6.05E-03 1.25E-05  
5.88E-01 1.44E-01 6.06E-03 8.74E-04 5.88E-01 2.59E-03 6.06E-03 1.57E-05  
6.86E-01 1.69E-01 6.07E-03 1.02E-03 6.86E-01 3.34E-03 6.07E-03 2.03E-05  
7.84E-01 1.93E-01 6.08E-03 1.17E-03 7.84E-01 3.58E-03 6.08E-03 2.18E-05  
8.82E-01 2.15E-01 6.09E-03 1.31E-03 8.82E-01 3.91E-03 6.09E-03 2.38E-05  
9.80E-01 2.36E-01 6.10E-03 1.44E-03 9.80E-01 6.07E-03 6.10E-03 3.71E-05  
1.08E+00 2.37E-01 6.11E-03 1.45E-03 1.08E+00 2.22E-02 6.11E-03 1.35E-04  
1.18E+00 2.37E-01 6.12E-03 1.45E-03 1.18E+00 3.73E-02 6.12E-03 2.28E-04  
1.27E+00 2.37E-01 6.13E-03 1.45E-03 1.27E+00 5.36E-02 6.13E-03 3.28E-04  
1.37E+00 2.37E-01 6.14E-03 1.46E-03 1.37E+00 6.82E-02 6.14E-03 4.19E-04  
1.47E+00 2.37E-01 6.15E-03 1.46E-03 1.47E+00 8.30E-02 6.15E-03 5.10E-04  
1.57E+00 2.37E-01 6.16E-03 1.46E-03 1.57E+00 9.63E-02 6.16E-03 5.93E-04  
1.67E+00 2.37E-01 6.17E-03 1.46E-03 1.67E+00 1.10E-01 6.17E-03 6.77E-04  
1.76E+00 2.37E-01 6.18E-03 1.47E-03 1.76E+00 1.23E-01 6.18E-03 7.58E-04  
1.86E+00 2.37E-01 6.19E-03 1.47E-03 1.86E+00 1.36E-01 6.19E-03 8.40E-04  
1.96E+00 2.37E-01 6.20E-03 1.47E-03 1.96E+00 1.48E-01 6.20E-03 9.15E-04  
2.06E+00 2.37E-01 6.21E-03 1.47E-03 2.06E+00 1.60E-01 6.21E-03 9.92E-04  
2.25E+00 2.36E-01 6.23E-03 1.47E-03 2.25E+00 1.82E-01 6.23E-03 1.14E-03  
2.45E+00 2.36E-01 6.25E-03 1.48E-03 2.45E+00 2.03E-01 6.25E-03 1.27E-03  
2.65E+00 2.36E-01 6.27E-03 1.48E-03 2.65E+00 2.23E-01 6.27E-03 1.40E-03  
2.84E+00 2.35E-01 6.29E-03 1.48E-03 2.84E+00 2.44E-01 6.29E-03 1.53E-03  
3.04E+00 2.35E-01 6.31E-03 1.48E-03 3.04E+00 2.63E-01 6.31E-03 1.66E-03  
4.02E+00 2.33E-01 6.41E-03 1.50E-03 4.02E+00 3.97E-01 6.41E-03 2.55E-03  
5.00E+00 2.31E-01 6.51E-03 1.51E-03 5.00E+00 5.15E-01 6.51E-03 3.35E-03  
5.98E+00 2.31E-01 6.61E-03 1.53E-03 5.98E+00 6.10E-01 6.61E-03 4.03E-03  
 
Table S10 summarizes the normalization of the absorbance of the max of 13 observed 




*L) was calculated by taking CADD (M) and utilizing the Beer-Lambert relationship of unbound 
13 (Figure S22) to find the theoretical absorbance for COBS.  
Table S11. Complexation between 14 and GaCl3 used in Figure S25B. 
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0.00E+00 -9.28E-03 6.00E-03 -5.57E-05  0.00E+00 -3.82E-03 6.00E-03 -2.29E-05 
8.55E-02 7.66E-03 6.01E-03 4.60E-05  8.55E-02 -3.60E-03 6.01E-03 -2.16E-05 
1.71E-01 2.50E-02 6.02E-03 1.51E-04  1.71E-01 -2.10E-03 6.02E-03 -1.26E-05 
2.56E-01 4.14E-02 6.03E-03 2.49E-04  2.56E-01 -2.22E-03 6.03E-03 -1.34E-05 
3.42E-01 5.78E-02 6.04E-03 3.49E-04  3.42E-01 -2.72E-03 6.04E-03 -1.64E-05 
4.27E-01 7.42E-02 6.05E-03 4.49E-04  4.27E-01 -2.26E-03 6.05E-03 -1.37E-05 
5.13E-01 9.04E-02 6.06E-03 5.48E-04  5.13E-01 -2.52E-03 6.06E-03 -1.53E-05 
5.98E-01 1.08E-01 6.07E-03 6.53E-04  5.98E-01 -1.93E-03 6.07E-03 -1.17E-05 
6.84E-01 1.24E-01 6.08E-03 7.56E-04  6.84E-01 -1.61E-03 6.08E-03 -9.76E-06 
7.69E-01 1.41E-01 6.09E-03 8.58E-04  7.69E-01 -1.08E-03 6.09E-03 -6.55E-06 
8.55E-01 1.57E-01 6.10E-03 9.58E-04  8.55E-01 -2.49E-03 6.10E-03 -1.52E-05 
9.40E-01 1.69E-01 6.11E-03 1.04E-03  9.40E-01 -7.62E-04 6.11E-03 -4.66E-06 
1.03E+00 1.71E-01 6.12E-03 1.05E-03  1.03E+00 9.23E-03 6.12E-03 5.65E-05 
1.11E+00 1.71E-01 6.13E-03 1.05E-03  1.11E+00 2.00E-02 6.13E-03 1.22E-04 
1.20E+00 1.70E-01 6.14E-03 1.05E-03  1.20E+00 3.00E-02 6.14E-03 1.84E-04 
1.28E+00 1.70E-01 6.15E-03 1.05E-03  1.28E+00 4.07E-02 6.15E-03 2.50E-04 
1.37E+00 1.70E-01 6.16E-03 1.05E-03  1.37E+00 5.04E-02 6.16E-03 3.11E-04 
1.45E+00 1.71E-01 6.17E-03 1.06E-03  1.45E+00 6.09E-02 6.17E-03 3.76E-04 
1.54E+00 1.71E-01 6.18E-03 1.06E-03  1.54E+00 7.02E-02 6.18E-03 4.34E-04 
1.62E+00 1.70E-01 6.19E-03 1.05E-03  1.62E+00 7.90E-02 6.19E-03 4.89E-04 
1.71E+00 1.71E-01 6.20E-03 1.06E-03  1.71E+00 8.90E-02 6.20E-03 5.52E-04 
1.79E+00 1.72E-01 6.21E-03 1.07E-03  1.79E+00 9.87E-02 6.21E-03 6.13E-04 
1.88E+00 1.71E-01 6.22E-03 1.07E-03  1.88E+00 1.08E-01 6.22E-03 6.69E-04 
1.97E+00 1.73E-01 6.23E-03 1.08E-03  1.97E+00 1.17E-01 6.23E-03 7.32E-04 
2.14E+00 1.77E-01 6.25E-03 1.10E-03  2.14E+00 1.38E-01 6.25E-03 8.63E-04 
2.31E+00 1.73E-01 6.27E-03 1.09E-03  2.31E+00 1.50E-01 6.27E-03 9.40E-04 
2.48E+00 1.71E-01 6.29E-03 1.08E-03  2.48E+00 1.64E-01 6.29E-03 1.03E-03 
2.65E+00 1.72E-01 6.31E-03 1.08E-03  2.65E+00 1.79E-01 6.31E-03 1.13E-03 
2.82E+00 1.72E-01 6.33E-03 1.09E-03  2.82E+00 1.97E-01 6.33E-03 1.24E-03 
2.99E+00 1.72E-01 6.35E-03 1.09E-03  2.99E+00 2.07E-01 6.35E-03 1.31E-03 
3.85E+00 1.71E-01 6.45E-03 1.10E-03  3.85E+00 2.69E-01 6.45E-03 1.74E-03 
4.70E+00 1.70E-01 6.55E-03 1.11E-03  4.70E+00 3.37E-01 6.55E-03 2.21E-03 
5.56E+00 1.71E-01 6.65E-03 1.14E-03  5.56E+00 3.93E-01 6.65E-03 2.61E-03 
6.41E+00 1.67E-01 6.75E-03 1.13E-03  6.41E+00 4.38E-01 6.75E-03 2.96E-03 
 
Table S11 summarizes the normalization of the absorbance of the max of 14 observed 
(COBS) and coordination complex (CCOORD), which was determined by Eq. S2 Theoretical 14 (a.u 
*L) was calculated by taking CADD (M) and utilizing the Beer-Lambert relationship of unbound 






Table S12. Complexation between 25 and GaCl3 used in Figure 62D. 
 













COBS (a.u *L) 
0.00E+00 8.70E-03 3.00E-03 2.61E-05  0.00E+00 6.06E-03 3.00E-03 1.82E-05 
9.07E-02 1.44E-02 3.01E-03 4.33E-05  9.07E-02 6.32E-03 3.01E-03 1.90E-05 
1.81E-01 2.02E-02 3.02E-03 6.10E-05  1.81E-01 6.58E-03 3.02E-03 1.99E-05 
2.72E-01 2.64E-02 3.03E-03 8.01E-05  2.72E-01 6.98E-03 3.03E-03 2.11E-05 
3.63E-01 3.21E-02 3.04E-03 9.75E-05  3.63E-01 7.46E-03 3.04E-03 2.27E-05 
4.53E-01 3.83E-02 3.05E-03 1.17E-04  4.53E-01 7.39E-03 3.05E-03 2.25E-05 
5.44E-01 4.45E-02 3.06E-03 1.36E-04  5.44E-01 7.66E-03 3.06E-03 2.34E-05 
6.35E-01 5.02E-02 3.07E-03 1.54E-04  6.35E-01 8.04E-03 3.07E-03 2.47E-05 
7.25E-01 5.64E-02 3.08E-03 1.74E-04  7.25E-01 8.71E-03 3.08E-03 2.68E-05 
8.16E-01 6.23E-02 3.09E-03 1.93E-04  8.16E-01 9.03E-03 3.09E-03 2.79E-05 
9.07E-01 6.85E-02 3.10E-03 2.12E-04  9.07E-01 9.35E-03 3.10E-03 2.90E-05 
9.97E-01 7.46E-02 3.11E-03 2.32E-04  9.97E-01 9.95E-03 3.11E-03 3.10E-05 
1.09E+00 8.00E-02 3.12E-03 2.50E-04  1.09E+00 1.02E-02 3.12E-03 3.20E-05 
1.18E+00 8.56E-02 3.13E-03 2.68E-04  1.18E+00 1.02E-02 3.13E-03 3.20E-05 
1.27E+00 9.10E-02 3.14E-03 2.86E-04  1.27E+00 1.18E-02 3.14E-03 3.70E-05 
1.36E+00 9.15E-02 3.15E-03 2.88E-04  1.36E+00 1.43E-02 3.15E-03 4.52E-05 
1.45E+00 9.17E-02 3.16E-03 2.90E-04  1.45E+00 1.74E-02 3.16E-03 5.51E-05 
1.54E+00 9.18E-02 3.17E-03 2.91E-04  1.54E+00 2.13E-02 3.17E-03 6.76E-05 
1.63E+00 9.14E-02 3.18E-03 2.91E-04  1.63E+00 2.55E-02 3.18E-03 8.10E-05 
1.72E+00 9.13E-02 3.19E-03 2.91E-04  1.72E+00 2.96E-02 3.19E-03 9.44E-05 
1.81E+00 9.12E-02 3.20E-03 2.92E-04  1.81E+00 3.32E-02 3.20E-03 1.06E-04 
1.90E+00 9.15E-02 3.21E-03 2.94E-04  1.90E+00 3.74E-02 3.21E-03 1.20E-04 
1.99E+00 9.15E-02 3.22E-03 2.94E-04  1.99E+00 4.13E-02 3.22E-03 1.33E-04 
2.08E+00 9.10E-02 3.23E-03 2.94E-04  2.08E+00 4.49E-02 3.23E-03 1.45E-04 
2.18E+00 9.11E-02 3.24E-03 2.95E-04  2.18E+00 4.85E-02 3.24E-03 1.57E-04 
2.27E+00 9.10E-02 3.25E-03 2.96E-04  2.27E+00 5.24E-02 3.25E-03 1.70E-04 
2.36E+00 9.06E-02 3.26E-03 2.95E-04  2.36E+00 5.58E-02 3.26E-03 1.82E-04 
2.45E+00 9.05E-02 3.27E-03 2.96E-04  2.45E+00 5.91E-02 3.27E-03 1.93E-04 
2.54E+00 9.05E-02 3.28E-03 2.97E-04  2.54E+00 6.29E-02 3.28E-03 2.06E-04 
2.72E+00 9.01E-02 3.30E-03 2.97E-04  2.72E+00 6.99E-02 3.30E-03 2.31E-04 
2.90E+00 9.03E-02 3.32E-03 3.00E-04  2.90E+00 7.62E-02 3.32E-03 2.53E-04 
3.08E+00 9.03E-02 3.34E-03 3.01E-04  3.08E+00 8.22E-02 3.34E-03 2.74E-04 
3.26E+00 8.87E-02 3.36E-03 2.98E-04  3.26E+00 8.72E-02 3.36E-03 2.93E-04 
3.44E+00 8.69E-02 3.38E-03 2.94E-04  3.44E+00 9.43E-02 3.38E-03 3.19E-04 
3.63E+00 8.54E-02 3.40E-03 2.90E-04  3.63E+00 1.00E-01 3.40E-03 3.41E-04 
4.08E+00 7.99E-02 3.45E-03 2.76E-04  4.08E+00 1.19E-01 3.45E-03 4.12E-04 
 
Table S12 summarizes the normalization of the absorbance of the max of 25 observed 
(COBS) and coordination complex (CCOORD), which was determined by Eq. S2  
 
Figure 26. Analysis of components with FeCl3; 13, theoretical 13 after 1 equiv, and 20 (A); 14, 
theoretical 14 after 1 equiv, and 21 (B). 





















































































0.00E+00 1.52E-02 1.82E-04 0.00E+00 0.00E+00 1.01E-02 1.21E-04 -2.14E-04 2.40E-04 
6.67E-02 2.41E-02 2.89E-04 1.35E-04 6.67E-02 1.04E-02 1.25E-04 -2.08E-04 3.15E-04 
1.33E-01 3.39E-02 4.07E-04 2.70E-04 1.33E-01 1.17E-02 1.40E-04 -1.80E-04 3.90E-04 
2.00E-01 4.32E-02 5.19E-04 4.06E-04 2.00E-01 1.29E-02 1.56E-04 -1.53E-04 4.66E-04 
2.67E-01 5.07E-02 6.10E-04 5.41E-04 2.67E-01 1.28E-02 1.54E-04 -1.56E-04 5.41E-04 
3.33E-01 5.96E-02 7.18E-04 6.76E-04 3.33E-01 1.33E-02 1.60E-04 -1.45E-04 6.16E-04 
4.00E-01 6.71E-02 8.09E-04 8.11E-04 4.00E-01 1.35E-02 1.62E-04 -1.42E-04 6.91E-04 
4.67E-01 7.45E-02 8.99E-04 9.46E-04 4.67E-01 1.43E-02 1.73E-04 -1.24E-04 7.67E-04 
5.33E-01 8.26E-02 9.98E-04 1.08E-03 5.33E-01 1.54E-02 1.86E-04 -9.96E-05 8.42E-04 
6.00E-01 9.03E-02 1.09E-03 1.19E-03 6.00E-01 1.55E-02 1.87E-04 -9.80E-05 9.17E-04 
6.67E-01 9.73E-02 1.18E-03 1.30E-03 6.67E-01 1.57E-02 1.90E-04 -9.43E-05 9.92E-04 
7.33E-01 1.04E-01 1.27E-03 1.42E-03 7.33E-01 1.60E-02 1.94E-04 -8.64E-05 1.07E-03 
8.00E-01 1.12E-01 1.35E-03 1.54E-03 8.00E-01 1.67E-02 2.02E-04 -7.20E-05 1.14E-03 
8.67E-01 1.20E-01 1.46E-03 1.68E-03 8.67E-01 1.89E-02 2.30E-04 -2.35E-05 1.22E-03 
9.33E-01 1.23E-01 1.50E-03 1.73E-03 9.33E-01 1.90E-02 2.31E-04 -2.13E-05 1.29E-03 
1.00E+00 1.26E-01 1.54E-03 1.78E-03 1.00E+00 2.14E-02 2.60E-04 3.10E-05 1.37E-03 
1.07E+00 1.27E-01 1.55E-03 1.79E-03 1.07E+00 2.44E-02 2.96E-04 9.58E-05 1.44E-03 
1.13E+00 1.26E-01 1.54E-03 1.78E-03 1.13E+00 2.78E-02 3.38E-04 1.71E-04 1.52E-03 
1.20E+00 1.25E-01 1.52E-03 1.76E-03 1.20E+00 3.21E-02 3.91E-04 2.66E-04 1.59E-03 
1.27E+00 1.25E-01 1.52E-03 1.76E-03 1.27E+00 3.70E-02 4.51E-04 3.73E-04 1.67E-03 
1.33E+00 1.24E-01 1.51E-03 1.75E-03 1.33E+00 4.13E-02 5.04E-04 4.68E-04 1.74E-03 
1.40E+00 1.24E-01 1.51E-03 1.74E-03 1.40E+00 4.64E-02 5.66E-04 5.81E-04 1.82E-03 
1.47E+00 1.22E-01 1.49E-03 1.72E-03 1.47E+00 5.07E-02 6.19E-04 6.75E-04 1.90E-03 
1.53E+00 1.22E-01 1.49E-03 1.71E-03 1.53E+00 5.51E-02 6.74E-04 7.73E-04 1.97E-03 
1.60E+00 1.20E-01 1.47E-03 1.69E-03 1.60E+00 5.98E-02 7.32E-04 8.77E-04 2.05E-03 
1.67E+00 1.20E-01 1.47E-03 1.69E-03 1.67E+00 6.52E-02 7.98E-04 9.96E-04 2.12E-03 
1.80E+00 1.18E-01 1.44E-03 1.66E-03 1.80E+00 7.39E-02 9.07E-04 1.19E-03 2.27E-03 
1.93E+00 1.15E-01 1.42E-03 1.62E-03 1.93E+00 8.29E-02 1.02E-03 1.39E-03 2.42E-03 
2.07E+00 1.13E-01 1.39E-03 1.59E-03 2.07E+00 9.17E-02 1.13E-03 1.59E-03 2.57E-03 
2.20E+00 1.12E-01 1.38E-03 1.57E-03 2.20E+00 1.01E-01 1.24E-03 1.79E-03 2.72E-03 
2.33E+00 1.10E-01 1.36E-03 1.54E-03 2.33E+00 1.10E-01 1.36E-03 2.00E-03 2.87E-03 
2.47E+00 1.09E-01 1.35E-03 1.53E-03 2.47E+00 1.20E-01 1.48E-03 2.22E-03 3.02E-03 
2.60E+00 1.07E-01 1.32E-03 1.49E-03 2.60E+00 1.28E-01 1.58E-03 2.41E-03 3.17E-03 
2.73E+00 1.05E-01 1.31E-03 1.47E-03 2.73E+00 1.36E-01 1.69E-03 2.60E-03 3.33E-03 
2.87E+00 1.04E-01 1.29E-03 1.45E-03 2.87E+00 1.45E-01 1.80E-03 2.80E-03 3.48E-03 
3.00E+00 1.02E-01 1.27E-03 1.42E-03 3.00E+00 1.53E-01 1.91E-03 2.99E-03 3.63E-03 
3.67E+00 9.43E-02 1.18E-03 1.30E-03 3.67E+00 2.25E-01 2.83E-03 4.64E-03 4.38E-03 
4.33E+00 8.92E-02 1.13E-03 1.23E-03 4.33E+00 2.92E-01 3.69E-03 6.20E-03 5.13E-03 
5.00E+00 8.56E-02 1.09E-03 1.18E-03 5.00E+00 3.51E-01 4.48E-03 7.61E-03 5.88E-03 
5.67E+00 8.30E-02 1.07E-03 1.14E-03 5.67E+00 4.06E-01 5.22E-03 8.94E-03 6.64E-03 
6.33E+00 8.04E-02 1.04E-03 1.10E-03 6.33E+00 4.55E-01 5.90E-03 1.02E-02 7.39E-03 
 
Table S13 summarizes the normalization of the absorbance of the max of 3 observed 
(COBS) and coordination complex (CCOORD), which was determined by Eq. S2. Theoretical 3 (a.u 
*L) was calculated by taking CADD (M) and utilizing the Beer-Lambert relationship of unbound 3 




Table S14. Data for Beer-Lambert relationship of 7. 
 












Figure S27. Beer-Lambert relationship of 7, where [7] = [3]added.  
 
Relationship was defined where absorbance of monomer was directly related to 
concentration of 3 added until 0.5 equivalents. Relationship >0.5 equiv determined by 
extrapolation. Using Eq. S3, monomer signal was converted to concentration based on the Beer 
Lambert plot that was generated for monomer, where concentration is equal to concentration of 




            Eq. S3 
 































Table S15. Calculated CCOORD of 7 based on Figure S27. 
 
3 (equiv) CADD (M) 1636 cm
-1 (a.u) CCOORD (M) CCOORD (moles) 
0.00E+00 0.00E+00 1.52E-02 0.00E+00 0.00E+00 
6.67E-02 1.13E-02 2.41E-02 1.13E-02 1.35E-04 
1.33E-01 2.25E-02 3.39E-02 2.25E-02 2.70E-04 
2.00E-01 3.37E-02 4.32E-02 3.37E-02 4.06E-04 
2.67E-01 4.49E-02 5.07E-02 4.49E-02 5.41E-04 
3.33E-01 5.61E-02 5.96E-02 5.61E-02 6.76E-04 
4.00E-01 6.72E-02 6.71E-02 6.72E-02 8.11E-04 
4.67E-01 7.84E-02 7.45E-02 7.84E-02 9.46E-04 
5.33E-01 8.95E-02 8.26E-02 8.95E-02 1.08E-03 
6.00E-01 1.01E-01 9.03E-02 9.85E-02 1.19E-03 
6.67E-01 1.12E-01 9.73E-02 1.08E-01 1.30E-03 
7.33E-01 1.23E-01 1.04E-01 1.17E-01 1.42E-03 
8.00E-01 1.34E-01 1.12E-01 1.27E-01 1.54E-03 
8.67E-01 1.45E-01 1.20E-01 1.39E-01 1.68E-03 
9.33E-01 1.56E-01 1.23E-01 1.43E-01 1.73E-03 
1.00E+00 1.67E-01 1.26E-01 1.47E-01 1.78E-03 
1.07E+00 1.78E-01 1.27E-01 1.48E-01 1.79E-03 
1.13E+00 1.89E-01 1.26E-01 1.46E-01 1.78E-03 
1.20E+00 2.00E-01 1.25E-01 1.45E-01 1.76E-03 
1.27E+00 2.11E-01 1.25E-01 1.45E-01 1.76E-03 
1.33E+00 2.22E-01 1.24E-01 1.44E-01 1.75E-03 
1.40E+00 2.32E-01 1.24E-01 1.43E-01 1.74E-03 
1.47E+00 2.43E-01 1.22E-01 1.41E-01 1.72E-03 
1.53E+00 2.54E-01 1.22E-01 1.40E-01 1.71E-03 
1.60E+00 2.65E-01 1.20E-01 1.38E-01 1.69E-03 
1.67E+00 2.76E-01 1.20E-01 1.38E-01 1.69E-03 
1.80E+00 2.97E-01 1.18E-01 1.35E-01 1.66E-03 
1.93E+00 3.19E-01 1.15E-01 1.32E-01 1.62E-03 
2.07E+00 3.40E-01 1.13E-01 1.29E-01 1.59E-03 
2.20E+00 3.62E-01 1.12E-01 1.27E-01 1.57E-03 
2.33E+00 3.83E-01 1.10E-01 1.25E-01 1.54E-03 
2.47E+00 4.04E-01 1.09E-01 1.23E-01 1.53E-03 
2.60E+00 4.25E-01 1.07E-01 1.21E-01 1.49E-03 
2.73E+00 4.47E-01 1.05E-01 1.18E-01 1.47E-03 
2.87E+00 4.68E-01 1.04E-01 1.16E-01 1.45E-03 
3.00E+00 4.89E-01 1.02E-01 1.14E-01 1.42E-03 
3.67E+00 5.92E-01 9.43E-02 1.04E-01 1.30E-03 
4.33E+00 6.95E-01 8.92E-02 9.69E-02 1.23E-03 
5.00E+00 7.95E-01 8.56E-02 9.22E-02 1.18E-03 
5.67E+00 8.94E-01 8.30E-02 8.87E-02 1.14E-03 
6.33E+00 9.92E-01 8.04E-02 8.52E-02 1.10E-03 
 
Moles of monomer missing in Figure 5 was calculated using Eq. S4 
𝑀𝑜𝑙𝑒𝑠 𝑜𝑓 𝑚𝑜𝑛𝑜𝑚𝑒𝑟 𝑐𝑜𝑛𝑠𝑢𝑚𝑒𝑑 = 𝐶𝑀𝐴𝑋 − 𝐶𝐶𝑂𝑂𝑅𝐷        Eq. S4 
CND in Figure 5 was calculated using Eq. S5 











Table S16. Data used in Figure 57.  
 





































13 (a.u *L) 
0.00E+00 -6.70E-04 -8.04E-06 0.00E+00 0.00E+00 -7.33E-03 -8.80E-05 -1.27E-04 7.44E-05 
4.90E-02 2.52E-02 3.03E-04 9.81E-05 4.90E-02 -1.74E-03 -2.09E-05 -4.48E-05 1.43E-04 
9.80E-02 4.44E-02 5.34E-04 1.96E-04 9.80E-02 -3.01E-04 -3.62E-06 -2.36E-05 2.12E-04 
1.47E-01 7.19E-02 8.65E-04 2.94E-04 1.47E-01 1.39E-02 1.67E-04 1.86E-04 2.80E-04 
1.96E-01 8.00E-02 9.63E-04 3.92E-04 1.96E-01 1.23E-03 1.48E-05 -1.08E-06 3.49E-04 
2.45E-01 9.95E-02 1.20E-03 4.91E-04 2.45E-01 6.54E-03 7.88E-05 7.75E-05 4.18E-04 
2.94E-01 1.12E-01 1.35E-03 5.89E-04 2.94E-01 2.13E-03 2.57E-05 1.23E-05 4.86E-04 
3.43E-01 1.27E-01 1.53E-03 6.87E-04 3.43E-01 2.52E-03 3.04E-05 1.80E-05 5.55E-04 
3.92E-01 1.42E-01 1.72E-03 7.85E-04 3.92E-01 3.78E-03 4.57E-05 3.69E-05 6.23E-04 
4.41E-01 1.55E-01 1.88E-03 8.83E-04 4.41E-01 3.99E-03 4.83E-05 4.00E-05 6.92E-04 
4.90E-01 1.63E-01 1.98E-03 9.81E-04 4.90E-01 3.73E-03 4.52E-05 3.61E-05 7.61E-04 
5.39E-01 1.70E-01 2.06E-03 1.08E-03 5.39E-01 4.30E-03 5.21E-05 4.47E-05 8.29E-04 
5.88E-01 1.83E-01 2.22E-03 1.10E-03 5.88E-01 4.15E-03 5.03E-05 4.24E-05 8.98E-04 
6.37E-01 1.98E-01 2.41E-03 1.20E-03 6.37E-01 6.39E-03 7.75E-05 7.58E-05 9.67E-04 
6.86E-01 2.08E-01 2.53E-03 1.26E-03 6.86E-01 4.27E-03 5.18E-05 4.42E-05 1.04E-03 
7.35E-01 2.20E-01 2.68E-03 1.35E-03 7.35E-01 4.88E-03 5.93E-05 5.35E-05 1.10E-03 
7.84E-01 2.30E-01 2.80E-03 1.41E-03 7.84E-01 5.72E-03 6.96E-05 6.60E-05 1.17E-03 
8.33E-01 2.41E-01 2.94E-03 1.49E-03 8.33E-01 6.25E-03 7.60E-05 7.39E-05 1.24E-03 
8.82E-01 2.48E-01 3.03E-03 1.54E-03 8.82E-01 7.27E-03 8.86E-05 8.94E-05 1.31E-03 
9.31E-01 2.54E-01 3.10E-03 1.58E-03 9.31E-01 7.29E-03 8.88E-05 8.96E-05 1.38E-03 
9.80E-01 2.57E-01 3.14E-03 1.60E-03 9.80E-01 9.12E-03 1.11E-04 1.17E-04 1.45E-03 
1.08E+00 2.55E-01 3.11E-03 1.59E-03 1.08E+00 9.39E-03 1.15E-04 1.21E-04 1.58E-03 
1.18E+00 2.49E-01 3.05E-03 1.55E-03 1.18E+00 1.31E-02 1.61E-04 1.78E-04 1.72E-03 
1.27E+00 2.41E-01 2.95E-03 1.50E-03 1.27E+00 1.66E-02 2.04E-04 2.31E-04 1.86E-03 
1.37E+00 2.32E-01 2.86E-03 1.45E-03 1.37E+00 2.21E-02 2.72E-04 3.14E-04 2.00E-03 
1.47E+00 2.22E-01 2.73E-03 1.38E-03 1.47E+00 2.51E-02 3.09E-04 3.60E-04 2.13E-03 
1.57E+00 2.12E-01 2.61E-03 1.31E-03 1.57E+00 2.97E-02 3.66E-04 4.30E-04 2.27E-03 
1.67E+00 2.03E-01 2.50E-03 1.25E-03 1.67E+00 3.57E-02 4.41E-04 5.21E-04 2.41E-03 
1.76E+00 1.94E-01 2.40E-03 1.19E-03 1.76E+00 4.30E-02 5.32E-04 6.34E-04 2.54E-03 
1.86E+00 1.86E-01 2.30E-03 1.14E-03 1.86E+00 4.92E-02 6.09E-04 7.28E-04 2.68E-03 
1.96E+00 1.80E-01 2.23E-03 1.10E-03 1.96E+00 5.58E-02 6.92E-04 8.30E-04 2.82E-03 
2.45E+00 1.55E-01 1.93E-03 9.30E-04 2.45E+00 9.82E-02 1.23E-03 1.49E-03 3.51E-03 
2.94E+00 1.39E-01 1.75E-03 8.28E-04 2.94E+00 1.55E-01 1.95E-03 2.38E-03 4.19E-03 




3.92E+00 1.27E-01 1.62E-03 7.57E-04 3.92E+00 2.51E-01 3.21E-03 3.92E-03 5.56E-03 
4.41E+00 1.27E-01 1.64E-03 7.63E-04 4.41E+00 2.89E-01 3.73E-03 4.56E-03 6.25E-03 
4.90E+00 1.25E-01 1.63E-03 7.58E-04 4.90E+00 3.26E-01 4.24E-03 5.18E-03 6.94E-03 
5.39E+00 1.39E-01 1.82E-03 8.60E-04 5.39E+00 3.92E-01 5.13E-03 6.28E-03 7.62E-03 
5.88E+00 1.27E-01 1.67E-03 7.79E-04 5.88E+00 4.16E-01 5.49E-03 6.72E-03 8.31E-03 
6.37E+00 1.32E-01 1.75E-03 8.22E-04 6.37E+00 4.56E-01 6.07E-03 7.43E-03 9.00E-03 
6.86E+00 1.26E-01 1.69E-03 7.84E-04 6.86E+00 4.83E-01 6.47E-03 7.93E-03 9.68E-03 
 
Table S17 summarizes the normalization of the absorbance of the max of 13 observed 
(COBS) and coordination complex (CCOORD), which was determined by Eq. S2. Theoretical 13 (a.u 
*L) was calculated by taking CADD (M) and utilizing the Beer-Lambert relationship of unbound 
13 (Figure S22) to find the theoretical absorbance for COBS. 
Table S18. Raw data for Beer-Lambert relationship for 20.   
 














Figure S28. Beer-Lambert relationship for 20 where [20] = [13]added.  
 Relationship was defined where absorbance of monomer was directly related to  
concentration of 13 added until 0.5 equivalents. Relationship >0.5 equiv determined by 
extrapolation. Using Eq. S3, monomer signal was converted to concentration based on the Beer-























Lambert plot that was generated for monomer, where concentration is equal to concentration of 
carbonyl added for the range of data that was used to generate the Beer-Lambert plot. 
Concentration was then converted into moles by multiplying by the total volume of the reaction 
mixture. 
Table S19. Calculated CCOORD of 20 based on Figure S28.  
 
13 (equiv) CADD (M) 1571 cm
-1 (a.u) CCOORD (M) CCOORD (moles) 
0.00E+00 0.00E+00 -6.70E-04 0.00E+00 0.00E+00 
4.90E-02 8.17E-03 2.52E-02 8.17E-03 9.81E-05 
9.80E-02 1.63E-02 4.44E-02 1.63E-02 1.96E-04 
1.47E-01 2.45E-02 7.19E-02 2.45E-02 2.94E-04 
1.96E-01 3.26E-02 8.00E-02 3.26E-02 3.92E-04 
2.45E-01 4.07E-02 9.95E-02 4.07E-02 4.91E-04 
2.94E-01 4.88E-02 1.12E-01 4.88E-02 5.89E-04 
3.43E-01 5.69E-02 1.27E-01 5.69E-02 6.87E-04 
3.92E-01 6.50E-02 1.42E-01 6.50E-02 7.85E-04 
4.41E-01 7.30E-02 1.55E-01 7.30E-02 8.83E-04 
4.90E-01 8.11E-02 1.63E-01 8.11E-02 9.81E-04 
5.39E-01 8.91E-02 1.70E-01 8.91E-02 1.08E-03 
5.88E-01 9.71E-02 1.83E-01 9.04E-02 1.10E-03 
6.37E-01 1.05E-01 1.98E-01 9.88E-02 1.20E-03 
6.86E-01 1.13E-01 2.08E-01 1.04E-01 1.26E-03 
7.35E-01 1.21E-01 2.20E-01 1.11E-01 1.35E-03 
7.84E-01 1.29E-01 2.30E-01 1.16E-01 1.41E-03 
8.33E-01 1.37E-01 2.41E-01 1.23E-01 1.49E-03 
8.82E-01 1.45E-01 2.48E-01 1.27E-01 1.54E-03 
9.31E-01 1.53E-01 2.54E-01 1.30E-01 1.58E-03 
9.80E-01 1.61E-01 2.57E-01 1.31E-01 1.60E-03 
1.08E+00 1.77E-01 2.55E-01 1.30E-01 1.59E-03 
1.18E+00 1.92E-01 2.49E-01 1.27E-01 1.55E-03 
1.27E+00 2.08E-01 2.41E-01 1.22E-01 1.50E-03 
1.37E+00 2.24E-01 2.32E-01 1.18E-01 1.45E-03 
1.47E+00 2.39E-01 2.22E-01 1.12E-01 1.38E-03 
1.57E+00 2.55E-01 2.12E-01 1.06E-01 1.31E-03 
1.67E+00 2.70E-01 2.03E-01 1.01E-01 1.25E-03 
1.76E+00 2.86E-01 1.94E-01 9.65E-02 1.19E-03 
1.86E+00 3.01E-01 1.86E-01 9.19E-02 1.14E-03 
1.96E+00 3.16E-01 1.80E-01 8.83E-02 1.10E-03 
2.45E+00 3.92E-01 1.55E-01 7.44E-02 9.30E-04 
2.94E+00 4.67E-01 1.39E-01 6.57E-02 8.28E-04 
3.43E+00 5.41E-01 1.34E-01 6.31E-02 8.01E-04 
3.92E+00 6.13E-01 1.27E-01 5.91E-02 7.57E-04 
4.41E+00 6.85E-01 1.27E-01 5.91E-02 7.63E-04 
4.90E+00 7.55E-01 1.25E-01 5.83E-02 7.58E-04 
5.39E+00 8.24E-01 1.39E-01 6.56E-02 8.60E-04 
5.88E+00 8.92E-01 1.27E-01 5.90E-02 7.79E-04 
6.37E+00 9.59E-01 1.32E-01 6.18E-02 8.22E-04 
6.86E+00 1.03E+00 1.26E-01 5.85E-02 7.84E-04 
 
Moles of monomer consumed in Figure S31 was calculated using Eq. S4 




Table S20. CMAX-CCOORD vs. 13 CND in Figure S29. 
 

















Figure S29. Undetected 13 CND vs. consumed coordination complex for 13 and 20.  
 



















0.00E+00 1.52E-03 3.91E-05 0.00E+00 0.00E+00 -2.91E-03 -3.50E-05 -1.57E-04 7.44E-05 
4.29E-02 1.15E-02 1.59E-04 8.58E-05 4.29E-02 -3.16E-03 -3.79E-05 -1.61E-04 1.34E-04 
8.58E-02 2.33E-02 3.03E-04 1.72E-04 8.58E-02 1.51E-03 1.81E-05 -8.07E-05 1.94E-04 
1.29E-01 3.44E-02 4.36E-04 2.58E-04 1.29E-01 1.26E-04 1.52E-06 -1.05E-04 2.55E-04 
1.72E-01 4.56E-02 5.72E-04 3.43E-04 1.72E-01 7.87E-04 9.47E-06 -9.33E-05 3.15E-04 
2.15E-01 5.52E-02 6.88E-04 4.29E-04 2.15E-01 5.35E-04 6.45E-06 -9.77E-05 3.75E-04 
2.58E-01 6.55E-02 8.12E-04 5.15E-04 2.58E-01 5.39E-04 6.50E-06 -9.77E-05 4.35E-04 
3.00E-01 7.43E-02 9.20E-04 6.01E-04 3.00E-01 8.53E-04 1.03E-05 -9.24E-05 4.95E-04 
3.43E-01 8.54E-02 1.05E-03 6.87E-04 3.43E-01 1.83E-03 2.21E-05 -7.55E-05 5.55E-04 
3.86E-01 9.50E-02 1.17E-03 7.73E-04 3.86E-01 2.28E-03 2.76E-05 -6.78E-05 6.15E-04 
4.29E-01 1.04E-01 1.29E-03 8.58E-04 4.29E-01 2.47E-03 2.99E-05 -6.46E-05 6.75E-04 
5.15E-01 1.23E-01 1.51E-03 1.03E-03 5.15E-01 2.32E-03 2.81E-05 -6.74E-05 7.95E-04 
6.01E-01 1.38E-01 1.70E-03 1.28E-03 6.01E-01 2.85E-03 3.46E-05 -5.82E-05 9.15E-04 
6.87E-01 1.56E-01 1.92E-03 1.42E-03 6.87E-01 4.32E-03 5.25E-05 -3.27E-05 1.04E-03 
7.73E-01 1.72E-01 2.12E-03 1.54E-03 7.73E-01 6.17E-03 7.52E-05 -4.74E-07 1.16E-03 
8.58E-01 1.86E-01 2.30E-03 1.61E-03 8.58E-01 1.02E-02 1.25E-04 7.06E-05 1.28E-03 




1.03E+00 1.95E-01 2.42E-03 1.60E-03 1.03E+00 1.64E-02 2.01E-04 1.78E-04 1.52E-03 
1.12E+00 1.93E-01 2.40E-03 1.58E-03 1.12E+00 2.05E-02 2.52E-04 2.52E-04 1.64E-03 
1.20E+00 1.89E-01 2.36E-03 1.55E-03 1.20E+00 2.64E-02 3.25E-04 3.56E-04 1.76E-03 
1.29E+00 1.87E-01 2.33E-03 1.52E-03 1.29E+00 3.30E-02 4.06E-04 4.72E-04 1.88E-03 
1.37E+00 1.82E-01 2.28E-03 1.49E-03 1.37E+00 3.87E-02 4.77E-04 5.73E-04 2.00E-03 
1.46E+00 1.79E-01 2.25E-03 1.47E-03 1.46E+00 4.51E-02 5.56E-04 6.86E-04 2.12E-03 
1.55E+00 1.76E-01 2.23E-03 1.47E-03 1.55E+00 5.13E-02 6.35E-04 7.98E-04 2.24E-03 
1.63E+00 1.75E-01 2.22E-03 1.44E-03 1.63E+00 5.93E-02 7.34E-04 9.41E-04 2.36E-03 
1.72E+00 1.72E-01 2.19E-03 1.43E-03 1.72E+00 6.54E-02 8.11E-04 1.05E-03 2.48E-03 
1.80E+00 1.70E-01 2.17E-03 1.39E-03 1.80E+00 7.28E-02 9.04E-04 1.18E-03 2.60E-03 
1.89E+00 1.66E-01 2.13E-03 1.40E-03 1.89E+00 8.08E-02 1.01E-03 1.33E-03 2.72E-03 
1.97E+00 1.66E-01 2.13E-03 1.38E-03 1.97E+00 8.71E-02 1.09E-03 1.44E-03 2.84E-03 
2.06E+00 1.64E-01 2.12E-03 1.32E-03 2.06E+00 9.36E-02 1.17E-03 1.56E-03 2.96E-03 
2.49E+00 1.56E-01 2.06E-03 1.20E-03 2.49E+00 1.33E-01 1.67E-03 2.28E-03 3.56E-03 
2.92E+00 1.42E-01 1.94E-03 1.14E-03 2.92E+00 2.18E-01 2.76E-03 3.84E-03 4.16E-03 
3.35E+00 1.34E-01 1.87E-03 1.05E-03 3.35E+00 2.71E-01 3.46E-03 4.83E-03 4.76E-03 
3.78E+00 1.23E-01 1.78E-03 9.99E-04 3.78E+00 3.22E-01 4.14E-03 5.81E-03 5.36E-03 
4.21E+00 1.16E-01 1.72E-03 9.51E-04 4.21E+00 3.66E-01 4.75E-03 6.68E-03 5.96E-03 
4.64E+00 1.10E-01 1.68E-03 9.28E-04 4.64E+00 4.07E-01 5.32E-03 7.50E-03 6.56E-03 
5.06E+00 1.07E-01 1.67E-03 8.76E-04 5.06E+00 4.57E-01 6.02E-03 8.50E-03 7.16E-03 
5.49E+00 1.00E-01 1.62E-03 8.32E-04 5.49E+00 4.91E-01 6.52E-03 9.21E-03 7.76E-03 
5.92E+00 9.47E-02 1.57E-03 8.03E-04 5.92E+00 5.24E-01 7.01E-03 9.92E-03 8.36E-03 
6.35E+00 9.09E-02 1.55E-03 7.76E-04 6.35E+00 5.58E-01 7.52E-03 1.06E-02 8.96E-03 
 
Table S21 summarizes the normalization of the absorbance of the max of 14 observed 
(COBS) and coordination complex (CCOORD), which was determined by Eq. S2. Theoretical 14 (a.u 
*L) was calculated by taking CADD (M) and utilizing the Beer-Lambert relationship of unbound 
14 (Figure S23) to find the theoretical absorbance for COBS. 
Table S22: Data for Beer-Lambert relationship of 21.  
 



















Figure S30. Beer-Lambert relationship for 21 where [21] = [14]added.  
 
Relationship was defined where absorbance of monomer was directly related to 
concentration of 14 added until 0.5 equivalents. Relationship >0.5 equiv determined by 
extrapolation. Using Eq. S3, monomer signal was converted to concentration based on the Beer-
Lambert plot that was generated for monomer, where concentration is equal to concentration of 
carbonyl added for the range of data that was used to generate the Beer-Lambert plot. 
Concentration was then converted into moles by multiplying by the total volume of the reaction 
mixture. 
Table S23. Calculated CCOORD of 21 based on Figure S30.  
 
14 (equiv) CADD (M) 1557 cm-1 (a.u) CCOORD (M) CCOORD (moles) 
0.00E+00 0.00E+00 1.52E-03 0.00E+00 0.00E+00 
4.29E-02 7.15E-03 1.15E-02 7.15E-03 8.58E-05 
8.58E-02 1.43E-02 2.33E-02 1.43E-02 1.72E-04 
1.29E-01 2.14E-02 3.44E-02 2.14E-02 2.58E-04 
1.72E-01 2.85E-02 4.56E-02 2.85E-02 3.43E-04 
2.15E-01 3.56E-02 5.52E-02 3.56E-02 4.29E-04 
2.58E-01 4.27E-02 6.55E-02 4.27E-02 5.15E-04 
3.00E-01 4.98E-02 7.43E-02 4.98E-02 6.01E-04 
3.43E-01 5.68E-02 8.54E-02 5.68E-02 6.87E-04 
3.86E-01 6.39E-02 9.50E-02 6.39E-02 7.73E-04 
4.29E-01 7.09E-02 1.04E-01 7.09E-02 8.58E-04 
5.15E-01 8.50E-02 1.23E-01 8.50E-02 1.03E-03 
6.01E-01 9.90E-02 1.38E-01 1.05E-01 1.28E-03 
6.87E-01 1.13E-01 1.56E-01 1.17E-01 1.42E-03 


























7.73E-01 1.27E-01 1.72E-01 1.26E-01 1.54E-03 
8.58E-01 1.41E-01 1.86E-01 1.32E-01 1.61E-03 
9.44E-01 1.55E-01 1.94E-01 1.32E-01 1.62E-03 
1.03E+00 1.68E-01 1.95E-01 1.31E-01 1.60E-03 
1.12E+00 1.82E-01 1.93E-01 1.29E-01 1.58E-03 
1.20E+00 1.96E-01 1.89E-01 1.27E-01 1.55E-03 
1.29E+00 2.09E-01 1.87E-01 1.23E-01 1.52E-03 
1.37E+00 2.23E-01 1.82E-01 1.21E-01 1.49E-03 
1.46E+00 2.36E-01 1.79E-01 1.20E-01 1.47E-03 
1.55E+00 2.50E-01 1.76E-01 1.19E-01 1.47E-03 
1.63E+00 2.63E-01 1.75E-01 1.17E-01 1.44E-03 
1.72E+00 2.77E-01 1.72E-01 1.15E-01 1.43E-03 
1.80E+00 2.90E-01 1.70E-01 1.12E-01 1.39E-03 
1.89E+00 3.04E-01 1.66E-01 1.12E-01 1.40E-03 
1.97E+00 3.17E-01 1.66E-01 1.11E-01 1.38E-03 
2.06E+00 3.30E-01 1.64E-01 1.06E-01 1.32E-03 
2.49E+00 3.96E-01 1.56E-01 9.57E-02 1.20E-03 
2.92E+00 4.60E-01 1.42E-01 8.97E-02 1.14E-03 
3.35E+00 5.24E-01 1.34E-01 8.24E-02 1.05E-03 
3.78E+00 5.86E-01 1.23E-01 7.75E-02 9.99E-04 
4.21E+00 6.48E-01 1.16E-01 7.32E-02 9.51E-04 
4.64E+00 7.09E-01 1.10E-01 7.10E-02 9.28E-04 
5.06E+00 7.68E-01 1.07E-01 6.64E-02 8.76E-04 
5.49E+00 8.27E-01 1.00E-01 6.26E-02 8.32E-04 
5.92E+00 8.85E-01 9.47E-02 6.00E-02 8.03E-04 
6.35E+00 9.42E-01 9.09E-02 5.76E-02 7.76E-04 
 
Moles of monomer consumed in Figure S31 was calculated using Eq. S4 
CND in Figure S31 was calculated using Eq. S5 
Table S24. CMAX-CCOORD vs. 14CND in Figure S31.  
 























Figure S31. Undetected 14 CND vs. consumed coordination complex for 14 and 21.  
 
Table S25. Complexation between 25 and FeCl3 used in Figure 57.  
 
26  25 
25 (equiv) 1553 cm-1 (a.u) Total volume (L) CCOORD (a.u*L) 
 25 (equiv) 1672 cm-1 (a.u) Total Volume (L) COBS (a.u *L) 
0.00E+00 1.92E-02 3.00E-03 5.77E-05  0.00E+00 -7.30E-04 3.00E-03 -2.19E-06 
9.07E-02 3.62E-02 3.01E-03 1.09E-04  9.07E-02 1.52E-03 3.01E-03 4.57E-06 
1.81E-01 4.45E-02 3.02E-03 1.34E-04  1.81E-01 2.25E-03 3.02E-03 6.78E-06 
2.72E-01 5.30E-02 3.03E-03 1.61E-04  2.72E-01 3.14E-03 3.03E-03 9.53E-06 
3.63E-01 5.68E-02 3.04E-03 1.73E-04  3.63E-01 3.71E-03 3.04E-03 1.13E-05 
4.53E-01 6.89E-02 3.05E-03 2.10E-04  4.53E-01 4.60E-03 3.05E-03 1.40E-05 
5.44E-01 7.62E-02 3.06E-03 2.33E-04  5.44E-01 5.16E-03 3.06E-03 1.58E-05 
6.35E-01 8.43E-02 3.07E-03 2.59E-04  6.35E-01 6.94E-03 3.07E-03 2.13E-05 
7.25E-01 8.81E-02 3.08E-03 2.71E-04  7.25E-01 8.87E-03 3.08E-03 2.73E-05 
8.16E-01 9.01E-02 3.09E-03 2.78E-04  8.16E-01 1.13E-02 3.09E-03 3.49E-05 
9.07E-01 9.08E-02 3.10E-03 2.82E-04  9.07E-01 1.50E-02 3.10E-03 4.65E-05 
9.97E-01 9.05E-02 3.11E-03 2.82E-04  9.97E-01 1.80E-02 3.11E-03 5.60E-05 
1.09E+00 9.12E-02 3.12E-03 2.85E-04  1.09E+00 2.19E-02 3.12E-03 6.84E-05 
1.18E+00 9.22E-02 3.13E-03 2.89E-04  1.18E+00 2.37E-02 3.13E-03 7.43E-05 
1.27E+00 9.16E-02 3.14E-03 2.88E-04  1.27E+00 2.61E-02 3.14E-03 8.18E-05 
1.36E+00 9.12E-02 3.15E-03 2.87E-04  1.36E+00 2.91E-02 3.15E-03 9.15E-05 
1.45E+00 9.20E-02 3.16E-03 2.91E-04  1.45E+00 3.14E-02 3.16E-03 9.93E-05 
1.54E+00 9.16E-02 3.17E-03 2.90E-04  1.54E+00 3.38E-02 3.17E-03 1.07E-04 
1.63E+00 9.14E-02 3.18E-03 2.91E-04  1.63E+00 3.78E-02 3.18E-03 1.20E-04 
1.72E+00 9.01E-02 3.19E-03 2.88E-04  1.72E+00 3.95E-02 3.19E-03 1.26E-04 
1.81E+00 9.02E-02 3.20E-03 2.89E-04  1.81E+00 4.00E-02 3.20E-03 1.28E-04 
1.90E+00 9.02E-02 3.21E-03 2.90E-04  1.90E+00 4.44E-02 3.21E-03 1.42E-04 
1.99E+00 9.05E-02 3.22E-03 2.91E-04  1.99E+00 4.41E-02 3.22E-03 1.42E-04 
2.08E+00 8.99E-02 3.23E-03 2.90E-04  2.08E+00 4.72E-02 3.23E-03 1.53E-04 
2.18E+00 9.12E-02 3.24E-03 2.96E-04  2.18E+00 4.89E-02 3.24E-03 1.58E-04 
2.27E+00 8.95E-02 3.25E-03 2.91E-04  2.27E+00 5.06E-02 3.25E-03 1.64E-04 
2.36E+00 9.21E-02 3.26E-03 3.00E-04  2.36E+00 5.63E-02 3.26E-03 1.84E-04 
2.45E+00 9.20E-02 3.27E-03 3.01E-04  2.45E+00 5.90E-02 3.27E-03 1.93E-04 
2.54E+00 9.16E-02 3.28E-03 3.00E-04  2.54E+00 6.16E-02 3.28E-03 2.02E-04 
2.72E+00 9.11E-02 3.30E-03 3.01E-04  2.72E+00 6.29E-02 3.30E-03 2.08E-04 
2.90E+00 9.14E-02 3.32E-03 3.03E-04  2.90E+00 6.71E-02 3.32E-03 2.23E-04 
3.08E+00 9.21E-02 3.34E-03 3.08E-04  3.08E+00 7.14E-02 3.34E-03 2.38E-04 
3.26E+00 9.13E-02 3.36E-03 3.07E-04  3.26E+00 7.41E-02 3.36E-03 2.49E-04 
3.44E+00 9.09E-02 3.38E-03 3.07E-04  3.44E+00 7.88E-02 3.38E-03 2.66E-04 
3.63E+00 9.12E-02 3.40E-03 3.10E-04  3.63E+00 8.48E-02 3.40E-03 2.88E-04 
3.81E+00 9.06E-02 3.42E-03 3.10E-04  3.81E+00 8.90E-02 3.42E-03 3.04E-04 
3.99E+00 9.00E-02 3.44E-03 3.09E-04  3.99E+00 9.65E-02 3.44E-03 3.32E-04 





Table S25 summarizes the normalization of the absorbance of the max of 25 observed 
(COBS) and coordination complex (CCOORD), which was determined by Eq. S2. 
Conductance Analysis 
VWR Portable Conductance Meter was calibrated with standard solutions of KCl (0.01 M and 
0.5 mM) of known conductivity (1411 µS/cm and 74 µS/cm, respectively). Then the probe was  
rinsed with water and finally with DCE several times before taking measurements. Before each 
experiment, the conductance meter was recalibrated with the standard solutions.  
General procedure for GaCl3 complexation. 
In a glove box, GaCl3 (352 mg, 2 mmol) was added to a flame-dried 20 mL scintillation 
vial charged with a stir bar. Anhydrous DCE was added (12 mL, 163 mM). The conductance of 
the homogeneous solution was observed via a VWR Portable Conductance Meter. Carbonyl was 
incrementally titrated until 6 equivalents of carbonyl were reached. Conductance after each of 
addition of carbonyl was observed and recorded as an average of three measurements. Between 
each reading probe was rinsed with DCE. Plotting and trendline analysis were performed with 
Microsoft Excel.  




Trial 1 Trial 2 Trial 3 Average 
0.00 6.48 6.82 7.06 6.79 
0.27 11.97 11.98 11.96 11.97 
0.54 15.63 15.65 15.63 15.64 
0.74 16.63 16.58 16.57 16.59 
1.55 35.80 35.80 35.40 35.67 
2.09 44.60 45.00 44.80 44.80 
3.03 64.80 65.00 65.40 65.07 
4.04 88.70 89.40 90.00 89.37 
5.05 119.70 121.20 123.10 121.33 













Trial 1 Trial 2 Trial 3 Average 
0.00 5.51 5.82 6.05 5.79 
0.25 11.77 11.75 11.77 11.76 
0.34 14.59 14.57 14.60 14.59 
0.49 18.47 18.27 18.26 18.33 
0.74 17.83 17.79 17.86 17.83 
1.03 17.73 17.76 17.76 17.75 
1.52 24.30 24.50 24.50 24.43 
3.04 38.90 39.20 39.20 39.10 
5.00 58.50 59.10 59.10 58.90 
 




Trial 1 Trial 2 Trial 3 Average 
0.00 4.84 4.99 5.11 4.98 
0.25 23.20 23.30 23.40 23.30 
0.38 31.80 31.80 31.80 31.80 
0.51 38.90 38.80 38.80 38.83 
0.76 41.00 40.80 40.70 40.83 
1.02 50.30 49.80 50.30 50.13 
1.52 57.50 57.00 57.20 57.23 
3.05 46.90 47.00 47.10 47.00 
5.08 71.10 71.00 71.50 71.20 
 
General procedure for FeCl3 complexation. 
In a glove box, FeCl3 (330 mg, 2 mmol) was added to a flame-dried 20 mL scintillation 
vial charged with a stir bar. Anhydrous DCE was added (12 mL, 163 mM). The conductance of 
the homogeneous solution was observed via a VWR Portable Conductance Meter. Carbonyl was 
incrementally titrated until 6 equivalents of carbonyl were reached. Conductance after each of 
addition of carbonyl was observed and recorded as an average of three measurements. Between 













Trial 1 Trial 2 Trial 3 Average 
0.00 1.31 1.50 1.75 1.52 
0.27 3.47 3.49 3.44 3.47 
0.40 4.54 4.44 4.40 4.46 
0.53 5.70 5.62 5.62 5.65 
0.66 7.25 7.12 7.08 7.15 
0.73 7.95 7.42 7.60 7.66 
1.00 100.90 95.00 91.40 95.77 
2.06 733.00 734.00 733.00 733.33 
2.99 987.00 984.00 983.00 984.67 
3.99 1144.00 1147.00 1144.00 1145.00 
4.98 1245.00 1244.00 1245.00 1244.67 
5.98 1355.00 1354.00 1352.00 1353.67 
 




Trial 1 Trial 2 Trial 3 Average 
0.00 1.60 1.73 1.81 1.71 
0.24 4.55 4.53 4.52 4.53 
0.48 6.87 7.23 7.26 7.12 
0.75 50.90 37.40 34.80 41.03 
1.01 94.20 93.90 91.20 93.10 
1.25 340.00 342.00 339.00 340.33 
1.54 663.00 667.00 663.00 664.33 
1.73 866.00 858.00 862.00 862.00 
2.02 1246.00 1248.00 1248.00 1247.33 
3.03 1442.00 1448.00 1450.00 1446.67 
4.04 1483.00 1483.00 1485.00 1483.67 
5.01 1495.00 1498.00 1498.00 1497.00 
 




Trial 1 Trial 2 Trial 3 Average 
0.00 1.36 1.55 1.76 1.56 
0.25 16.24 16.37 16.17 16.26 
0.38 24.00 23.20 22.90 23.37 
0.51 31.90 31.40 31.20 31.50 
0.76 59.10 50.40 45.10 51.53 
1.01 228.00 228.00 228.00 228.00 
1.26 401.00 401.00 402.00 401.33 
1.52 537.00 537.00 538.00 537.33 
1.77 679.00 674.00 673.00 675.33 
2.02 794.00 795.00 798.00 795.67 
3.03 970.00 983.00 983.00 978.67 
4.05 1109.00 1112.00 1112.00 1111.00 








Figure S32. Conductivity of FeCl3 (2 mmol in 12 mL DCE) and GaCl3 (2 mmol in 12 mL DCE) 
with increasing amounts of 13 (A) and 14 (B). 
 
Solvent Effect on Complexation 
Previous efforts from our lab working alongside the Schindler and Zimmerman labs probed for 
the formation of cationic intermediates in Fe(III)-catalyzed carbonyl olefin metathesis. When 
Lewis basic solvents (MeOH, iPrOH, and MeCN) are utilized we observe diminished yields and 
conversions.91 Additionally, Schindler and coworkers report diminished yields when ethereal 
solvents (1,4-dioxane) or polar aprotic solvents (DMF) were utilized, which they propose is 
likely caused by competing Lewis basicity of these solvents.147 The Schindler and Zimmerman 
labs report even protection group selection can have a significant impact on competitive access 
to the Lewis acid catalyst.146 Lastly, Schindler and coworkers isolated an oxetane intermediate 
and obtained a crystal structure when they performed the carbonyl-olefin metathesis reaction in 
toluene.147 Because we have shown that the presence of Lewis bases can impact solution 
interactions, we made an initial examination of the effect of non-coordinating solvents (toluene 
and hexane) on complexation of FeCl3 with 3. In toluene, the system never reaches homogeneity, 
and spectral features are inconsistent with the complexation behavior we describe in DCE. 
Further, we observe the formation of a white precipitate when more than 1 equiv 3 is present. 








collected observations further highlight the unique behavior of chlorinated solvents for the 
metathesis reaction. Significantly more study is needed to determine how both Lewis basic and 
non-coordinating solvents interact with the Lewis pairs required for metathesis activity 































































































































In addition to the combination of FeCl3 and 13 (Figure 56), we also examined the crystallization 
of the FeCl3 with 3 and 14. We were able to obtain crystals that were characterized 
unambiguously as coordinatively saturated complexes, where all three chloride anions are 
displaced to the outer sphere. However, the oxidation state of the Fe center changed to Fe(II) in 
both systems, with two FeCl4 anions in the outer sphere. It is important to consider that under 
titration conditions, our data are inconsistent with the formation of FeCl4 anions based on the 
stoichiometry of the titration. This behavior is likely an artifact of the crystallization process. 
Further, we have previously done EPR analysis over the course of the metathesis reaction, as 
well as on FeCl3 in the presence of 3.
188 In both cases, we observe no change in the oxidation 
state of Fe under synthetically relevant conditions. Again, this observation appears to be an 
artifact from the forcing conditions of the crystallization process.  
General procedure for Fe-complexes crystallization. 
 
24. In a glove box, FeCl3 (20 mg, 0.12 mmol) was placed in a 10-mL scintillation vial 
equipped with a rice stir bar. Anhydrous DCE (0.12 mL, 1 M) was added to the vial followed by 




After 30 minutes vial was opened and placed gently into a 20-mL scintillation vial that contained 
2 mL anhydrous pentane. Vial was capped and placed in the freezer for 36 hours until orange, 
transparent crystals were formed.  
Experimental. Single crystals of C28H24Cl6Fe2O4 [cx1351] were supplied. A suitable 
crystal was selected and the crystal was mounted on a MITIGEN holder in Paratone on a 'Bruker 
APEX-II CCD' diffractometer. The crystal was kept at 100.02 K during data collection. Using 
Olex2 [1], the structure was solved with the ShelXT [2] structure solution program using 
Intrinsic Phasing and refined with the ShelXL [3] refinement package using Least Squares 
minimisation. 
Crystal structure determination of [cx1351]  
Crystal Data for C28H24Cl6Fe2O4 (M =748.87): triclinic, space group P-1 (no. 2), a = 
10.4909(4) Å, b = 11.3351(4) Å, c = 13.4760(5) Å, α = 93.2595(9)°, β = 92.3269(8)°, γ = 
94.7368(8)°, V = 1592.79(10) Å3, Z = 2, T = 100.02 K, μ(MoKα) = 1.446 mm-1, Dcalc = 
1.561 g/mm3, 47261 reflections measured (3.03 ≤ 2Θ ≤ 69.554), 13664 unique (Rint = 0.0461, 
Rsigma = 0.0462) which were used in all calculations. The final R1 was 0.0321 (I > 2σ(I)) and wR2 
was 0.0759 (all data).  
Refinement Details. No special refinement necessary. 









Table S32: Crystal data and structure refinement for cx1351 
Identification code cx1351 
Empirical formula C28H24Cl6Fe2O4 
Formula weight 748.87 
Temperature / K 100.02 
Crystal system triclinic 
Space group P-1 
a / Å, b / Å, c / Å 10.4909(4), 11.3351(4), 13.4760(5) 







Crystal size / mm3 0.335 × 0.128 × 0.055 
2Θ range for data collection 3.03 to 69.554° 
Index ranges -15 ≤ h ≤ 16, -18 ≤ k ≤ 17, -21 ≤ l ≤ 21 
Reflections collected 47261 
Independent reflections 13664[R(int) = 0.0461] 
Data/restraints/parameters 13664/0/361 
Goodness-of-fit on F2 1.013 
Final R indexes [I>2σ (I)] R1 = 0.0321, wR2 = 0.0694 
Final R indexes [all data] R1 = 0.0512, wR2 = 0.0759 





Table S33: Fractional Atomic Coordinates (×104) and Equivalent Isotropic Displacement 
Parameters (Å2×103) for cx1351. Ueq is defined as 1/3 of of the trace of the orthogonalised 
UIJ tensor. 
Atom x y z U(eq) 
Fe1 5654.3(2) 8501.1(2) 2549.0(2) 12.17(4) 
Cl1 5272.6(3) 10004.6(3) 3627.2(3) 18.78(6) 
Cl2 6227.0(3) 9521.6(3) 1248.8(3) 18.95(6) 
O1 3756.2(9) 8179.2(8) 2073.5(7) 16.08(17) 
O2 4983.3(9) 7243.6(8) 3560.2(7) 15.96(17) 
O3 5929.9(9) 6904.6(8) 1758.4(7) 14.88(17) 
O4 7441.4(8) 8293.7(8) 3181.1(7) 15.55(17) 
C1 2988.5(12) 8911.5(11) 1875.0(10) 16.1(2) 
C2 1658.0(12) 8578.5(11) 1604.8(10) 14.6(2) 
C3 1140.9(13) 7407.3(11) 1666.5(11) 18.6(2) 
C4 -135.5(13) 7112.3(12) 1400.0(12) 22.8(3) 
C5 -894.0(13) 7974.8(13) 1069.2(11) 20.7(3) 
C6 -392.9(13) 9140.6(12) 1019.3(10) 18.8(2) 
C7 886.8(13) 9448.3(12) 1289.6(10) 17.6(2) 
C8 4858.3(13) 7375.6(11) 4463.9(10) 16.6(2) 
C9 4165.5(12) 6514.9(11) 5038.6(10) 15.1(2) 
C10 3599.9(12) 5439.0(11) 4597.5(10) 16.7(2) 
C11 2951.3(13) 4645.2(12) 5182.9(11) 19.9(3) 
C12 2837.1(13) 4933.0(12) 6189.9(11) 20.7(3) 
C13 3367.7(14) 6012.5(12) 6620.7(10) 20.6(3) 
C14 4049.0(14) 6796.6(11) 6049.9(10) 18.9(2) 
C15 5176.6(12) 6009.8(11) 1615.4(9) 14.5(2) 
C16 5537.1(12) 4896.0(10) 1183.5(9) 13.3(2) 
C17 6764.6(12) 4794.6(11) 833.5(9) 15.5(2) 
C18 7113.6(14) 3696.6(12) 498.3(10) 21.0(3) 
C19 6237.6(16) 2703.5(12) 508.3(11) 24.9(3) 
C20 5016.9(16) 2802.8(12) 837.6(11) 24.5(3) 
C21 4655.6(13) 3903.7(11) 1173.4(10) 19.2(2) 
C22 8365.4(12) 9055.7(11) 3245.6(9) 14.4(2) 
C23 9578.7(11) 8895.0(10) 3744.7(9) 12.6(2) 
C24 9800.9(13) 7852.0(11) 4214.1(11) 18.1(2) 
C25 10960.2(14) 7763.3(12) 4712.3(11) 21.7(3) 
C26 11905.7(13) 8709.1(12) 4737.0(11) 20.1(3) 




C28 10534.2(12) 9832.6(11) 3765.5(9) 14.7(2) 
Fe2 -697.6(2) 6658.4(2) 7608.8(2) 15.85(4) 
Cl3 -2384.1(3) 7574.1(3) 7135.2(3) 24.67(7) 
Cl4 980.5(4) 7945.3(3) 7843.1(3) 29.19(9) 
Cl5 -344.9(4) 5273.6(3) 6487.8(3) 28.49(8) 
Cl6 -1100.7(4) 5807.5(3) 8997.1(3) 27.95(8) 
 
Table S34: Anisotropic Displacement Parameters (Å2×103) for cx1351. The Anisotropic 
displacement factor exponent takes the form: -2π2[h2a*2U11+2hka*b*U12+…]. 
Atom U11 U22 U33 U23 U13 U12 
Fe1 9.56(8) 10.54(7) 16.00(9) -0.12(6) -0.65(6) -0.38(6) 
Cl1 19.67(15) 12.94(12) 22.84(16) -4.52(10) -0.22(12) 0.47(10) 
Cl2 17.41(14) 17.58(13) 22.34(15) 6.57(11) 1.18(11) 0.52(11) 
O1 11.4(4) 16.3(4) 20.1(5) -2.0(3) -0.7(3) 1.4(3) 
O2 16.6(4) 14.3(4) 17.0(4) 1.4(3) 2.4(3) 0.4(3) 
O3 14.6(4) 13.1(4) 16.7(4) -0.2(3) 1.1(3) 0.1(3) 
O4 11.3(4) 15.5(4) 19.2(5) 0.6(3) -1.8(3) -1.0(3) 
C1 13.5(5) 15.1(5) 19.1(6) -0.4(4) -1.1(4) -0.6(4) 
C2 11.6(5) 16.4(5) 15.5(6) -1.9(4) -0.7(4) 1.4(4) 
C3 14.1(6) 16.3(5) 25.0(7) -1.9(5) -1.6(5) 2.0(4) 
C4 14.7(6) 18.7(6) 33.8(8) -3.1(5) -1.8(5) -1.2(5) 
C5 12.5(6) 25.7(6) 22.9(7) -4.0(5) -1.5(5) 1.4(5) 
C6 14.8(6) 24.6(6) 17.6(6) 2.0(5) -0.8(5) 5.3(5) 
C7 15.1(6) 18.9(5) 19.0(6) 2.3(5) 0.2(5) 2.3(4) 
C8 17.7(6) 13.3(5) 18.3(6) 0.7(4) -1.1(5) 0.6(4) 
C9 15.1(5) 14.0(5) 16.2(6) 2.0(4) -0.3(4) 1.8(4) 
C10 16.3(6) 17.4(5) 15.9(6) 0.1(4) -0.2(4) 0.1(4) 
C11 17.1(6) 19.1(6) 22.8(7) 2.9(5) -1.5(5) -3.1(5) 
C12 16.9(6) 23.0(6) 22.8(7) 8.6(5) 1.3(5) 0.8(5) 
C13 26.3(7) 21.4(6) 15.1(6) 4.7(5) 1.4(5) 5.7(5) 
C14 24.8(7) 14.8(5) 17.0(6) 1.3(4) -2.2(5) 3.6(5) 
C15 13.2(5) 15.2(5) 15.2(6) 0.9(4) 0.9(4) 1.1(4) 
C16 14.9(5) 12.7(5) 11.9(5) 1.2(4) -1.2(4) 0.1(4) 
C17 16.9(6) 16.3(5) 13.6(5) 1.7(4) 1.9(4) 1.5(4) 
C18 26.4(7) 19.7(6) 18.0(6) 1.5(5) 4.6(5) 7.0(5) 




C20 34.0(8) 14.6(5) 23.5(7) -0.9(5) 1.3(6) -5.6(5) 
C21 18.6(6) 17.9(5) 20.0(6) -0.2(5) 0.3(5) -4.6(5) 
C22 12.7(5) 15.0(5) 15.4(6) 0.8(4) -0.3(4) 0.5(4) 
C23 10.7(5) 13.7(5) 13.2(5) -0.3(4) 0.2(4) 0.8(4) 
C24 16.7(6) 13.1(5) 23.7(7) 1.3(4) -3.5(5) -0.6(4) 
C25 21.1(6) 16.3(5) 27.8(7) 2.9(5) -6.7(5) 4.1(5) 
C26 15.0(6) 20.6(6) 24.0(7) -3.7(5) -5.5(5) 4.2(5) 
C27 13.3(5) 18.8(5) 20.4(6) -1.8(5) -1.6(5) -1.9(4) 
C28 13.2(5) 15.5(5) 15.0(6) 1.6(4) -0.1(4) -0.4(4) 
Fe2 15.47(9) 12.88(8) 19.13(9) 2.41(6) 0.19(7) -0.03(6) 
Cl3 17.10(15) 21.86(15) 35.8(2) 8.22(13) -0.67(13) 2.46(12) 
Cl4 20.78(16) 16.81(14) 48.9(2) 7.91(14) -9.92(15) -3.59(12) 
Cl5 25.50(18) 31.20(18) 27.90(19) -9.81(14) -0.88(14) 6.17(14) 
Cl6 34.2(2) 28.65(17) 23.00(17) 9.27(13) 7.37(14) 6.29(14) 
  
Table S35: Bond Lengths for cx1351. 
Atom Atom Length/Å   Atom Atom Length/Å 
Fe1 Cl1 2.2482(4)   C11 C12 1.390(2) 
Fe1 Cl2 2.2293(4)   C12 C13 1.387(2) 
Fe1 O1 2.0637(9)   C13 C14 1.3820(19) 
Fe1 O2 2.1255(9)   C15 C16 1.4453(17) 
Fe1 O3 2.0942(9)   C16 C17 1.4006(18) 
Fe1 O4 2.0644(9)   C16 C21 1.3950(17) 
O1 C1 1.2359(15)   C17 C18 1.3828(18) 
O2 C8 1.2322(16)   C18 C19 1.394(2) 
O3 C15 1.2343(15)   C19 C20 1.383(2) 
O4 C22 1.2409(15)   C20 C21 1.391(2) 
C1 C2 1.4421(17)   C22 C23 1.4451(17) 
C2 C3 1.4003(18)   C23 C24 1.4038(17) 
C2 C7 1.3995(18)   C23 C28 1.3976(17) 
C3 C4 1.3810(19)   C24 C25 1.3789(19) 
C4 C5 1.392(2)   C25 C26 1.3973(19) 
C5 C6 1.388(2)   C26 C27 1.3840(19) 
C6 C7 1.3875(18)   C27 C28 1.3880(18) 
C8 C9 1.4472(18)   Fe2 Cl3 2.2140(4) 




C9 C14 1.3945(19)   Fe2 Cl5 2.1805(4) 
C10 C11 1.3849(18)   Fe2 Cl6 2.1935(4) 
  
Table S36: Bond Angles for cx1351. 
Atom Atom Atom Angle/˚   Atom Atom Atom Angle/˚ 
Cl2 Fe1 Cl1 99.778(14)   C14 C9 C10 120.40(12) 
O1 Fe1 Cl1 93.56(3)   C11 C10 C9 119.19(13) 
O1 Fe1 Cl2 95.08(3)   C10 C11 C12 120.06(13) 
O1 Fe1 O2 78.68(4)   C13 C12 C11 120.70(13) 
O1 Fe1 O3 85.87(4)   C14 C13 C12 119.72(13) 
O1 Fe1 O4 161.87(4)   C13 C14 C9 119.88(13) 
O2 Fe1 Cl1 90.79(3)   O3 C15 C16 123.32(12) 
O2 Fe1 Cl2 168.09(3)   C17 C16 C15 121.06(11) 
O3 Fe1 Cl1 169.55(3)   C21 C16 C15 118.34(12) 
O3 Fe1 Cl2 90.67(3)   C21 C16 C17 120.50(12) 
O3 Fe1 O2 78.85(4)   C18 C17 C16 119.64(12) 
O4 Fe1 Cl1 94.27(3)   C17 C18 C19 119.63(13) 
O4 Fe1 Cl2 99.66(3)   C20 C19 C18 120.93(13) 
O4 Fe1 O2 84.89(4)   C19 C20 C21 119.87(13) 
O4 Fe1 O3 83.49(4)   C20 C21 C16 119.41(13) 
C1 O1 Fe1 127.90(8)   O4 C22 C23 123.73(11) 
C8 O2 Fe1 129.37(8)   C24 C23 C22 122.10(11) 
C15 O3 Fe1 128.39(9)   C28 C23 C22 117.59(11) 
C22 O4 Fe1 125.64(8)   C28 C23 C24 120.30(11) 
O1 C1 C2 122.72(11)   C25 C24 C23 119.69(12) 
C3 C2 C1 120.64(11)   C24 C25 C26 119.61(12) 
C7 C2 C1 118.90(11)   C27 C26 C25 121.05(12) 
C7 C2 C3 120.45(12)   C26 C27 C28 119.69(12) 
C4 C3 C2 119.41(12)   C27 C28 C23 119.64(11) 
C3 C4 C5 119.99(13)   Cl4 Fe2 Cl3 109.716(15) 
C6 C5 C4 120.92(13)   Cl4 Fe2 Cl6 109.891(18) 
C7 C6 C5 119.58(12)   Cl5 Fe2 Cl3 109.954(17) 
C6 C7 C2 119.63(12)   Cl5 Fe2 Cl4 110.510(18) 
O2 C8 C9 123.80(12)   Cl5 Fe2 Cl6 107.827(17) 
C10 C9 C8 121.58(12)   Cl6 Fe2 Cl3 108.906(17) 





Table S37: Torsion Angles for cx1351. 
A B C D Angle/˚   A B C D Angle/˚ 
Fe1 O1 C1 C2 -176.18(9)   C9 C10 C11 C12 1.7(2) 
Fe1 O2 C8 C9 167.71(9)   C10 C9 C14 C13 -0.2(2) 
Fe1 O3 C15 C16 -170.48(9)   C10 C11 C12 C13 0.0(2) 
Fe1 O4 C22 C23 176.37(9)   C11 C12 C13 C14 -1.9(2) 
O1 C1 C2 C3 7.4(2)   C12 C13 C14 C9 2.0(2) 
O1 C1 C2 C7 -173.29(13)   C14 C9 C10 C11 -1.62(19) 
O2 C8 C9 C10 1.3(2)   C15 C16 C17 C18 174.82(12) 
O2 C8 C9 C14 -177.28(13)   C15 C16 C21 C20 -174.72(13) 
O3 C15 C16 C17 -4.58(19)   C16 C17 C18 C19 0.3(2) 
O3 C15 C16 C21 171.89(12)   C17 C16 C21 C20 1.8(2) 
O4 C22 C23 C24 -0.9(2)   C17 C18 C19 C20 0.8(2) 
O4 C22 C23 C28 -179.61(12)   C18 C19 C20 C21 -0.6(2) 
C1 C2 C3 C4 -179.80(13)   C19 C20 C21 C16 -0.7(2) 
C1 C2 C7 C6 179.49(12)   C21 C16 C17 C18 -1.57(19) 
C2 C3 C4 C5 0.3(2)   C22 C23 C24 C25 -177.52(13) 
C3 C2 C7 C6 -1.2(2)   C22 C23 C28 C27 177.97(12) 
C3 C4 C5 C6 -1.2(2)   C23 C24 C25 C26 -0.6(2) 
C4 C5 C6 C7 0.9(2)   C24 C23 C28 C27 -0.76(19) 
C5 C6 C7 C2 0.3(2)   C24 C25 C26 C27 -0.4(2) 
C7 C2 C3 C4 0.9(2)   C25 C26 C27 C28 0.8(2) 
C8 C9 C10 C11 179.80(12)   C26 C27 C28 C23 -0.2(2) 





Table S38: Hydrogen Atom Coordinates (Å×104) and Isotropic Displacement Parameters 
(Å2×103) for cx1351. 
Atom x y z U(eq) 
H1 3287.22 9727.53 1901.5 19 
H3 1663.46 6820.87 1889.69 22 




H5 -1767.11 7762.3 874.75 25 
H6 -922.64 9724.43 801.49 23 
H7 1237.47 10244.91 1260.8 21 
H8 5238.74 8083.38 4803.11 20 
H10 3660.5 5255.95 3905.19 20 
H11 2584.07 3903.41 4895.89 24 
H12 2390.9 4384.67 6587.42 25 
H13 3263.24 6211.86 7305.21 25 
H14 4437.22 7526.11 6345.95 23 
H15 4316.23 6055.57 1798.38 17 
H17 7354.27 5476.54 826.54 19 
H18 7945.57 3619.31 262.39 25 
H19 6482.4 1947.97 285.97 30 
H20 4426.67 2120.09 834.33 29 
H21 3815.91 3979.38 1393.92 23 
H22 8269.86 9786.32 2950.03 17 
H24 9155.63 7210.34 4188.65 22 
H25 11114.98 7063.11 5036.77 26 
H26 12701.62 8648.24 5084.33 24 
H27 12356.66 10365.64 4279 21 
H28 10385.72 10533.92 3440.53 18 
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FeCl3 complex with 3. In a glove box, FeCl3 (20 mg, 0.12 mmol) was placed in a 10-mL 
scintillation vial equipped with a rice stir bar. Anhydrous DCE (0.12 mL, 1 M) was added to the 
vial followed by anhydrous 3 (18 µL, 0.24 mmol). Mixture was allowed to stir at room 




scintillation vial that contained 2 mL anhydrous pentane. Vial was capped and placed in the 
freezer for 36 hours until orange, transparent crystals were formed.  
Experimental. Single crystals of C18H36Cl8Fe3O6 [cx1362] were supplied. A suitable 
crystal was selected and the crystal was mounted on a MITIGEN holder in Paratone on a 'Bruker 
APEX-II CCD' diffractometer. The crystal was kept at 100.01 K during data collection. Using 
Olex2 [1], the structure was solved with the ShelXT [2] structure solution program using 
Intrinsic Phasing and refined with the ShelXL [3] refinement package using Least Squares 
minimisation. 
Crystal structure determination of [cx1362]  
Crystal Data for C18H36Cl8Fe3O6 (M =799.62): monoclinic, space group P21/n (no. 14), a = 
9.1760(3) Å, b = 18.7713(7) Å, c = 10.2557(4) Å, β = 91.1083(8)°, V = 1766.17(11) Å3, Z = 2, 
T = 100.01 K, μ(MoKα) = 1.848 mm-1, Dcalc = 1.504 g/mm3, 24450 reflections measured (4.942 
≤ 2Θ ≤ 59.26), 4978 unique (Rint = 0.0526, Rsigma = 0.0392) which were used in all calculations. 
The final R1 was 0.0295 (I > 2σ(I)) and wR2 was 0.0766 (all data).  
Refinement Details. No special refinement necessary. 
Solvent Treatment Details. N/A  
Table S39: Crystal data and structure refinement for cx1362 
Identification code  cx1362  
Empirical formula  C18H36Cl8Fe3O6  
Formula weight  799.62  
Temperature / K  100.01  
Crystal system  monoclinic  




a / Å, b / Å, c / Å  9.1760(3), 18.7713(7), 10.2557(4)  
α/°, β/°, γ/°  90, 91.1083(8), 90  
Volume / Å3  1766.17(11)  
Z  2  
ρcalc / mg mm
-3  1.504  
μ / mm-1  1.848  
F(000)  812  
Crystal size / mm3  0.207 × 0.177 × 0.063  
2Θ range for data collection  4.942 to 59.26°  
Index ranges  -12 ≤ h ≤ 12, -26 ≤ k ≤ 23, -14 ≤ l ≤ 11  
Reflections collected  24450  
Independent reflections  4978[R(int) = 0.0526]  
Data/restraints/parameters  4978/0/194  
Goodness-of-fit on F2  1.030  
Final R indexes [I>2σ (I)]  R1 = 0.0295, wR2 = 0.0713  
Final R indexes [all data]  R1 = 0.0415, wR2 = 0.0766  
Largest diff. peak/hole / e Å-3  0.343/-0.367  
Table S40: Fractional Atomic Coordinates (×104) and Equivalent Isotropic Displacement 
Parameters (Å2×103) for cx1362. Ueq is defined as 1/3 of of the trace of the orthogonalised 
UIJ tensor.  
Atom x y z U(eq) 
Fe1 5000 5000 10000 22.78(8) 
O1 6311.5(12) 4803.9(6) 8379.0(11) 24.8(2) 
O2 3310.6(12) 5429.0(7) 8814.7(11) 28.8(3) 
O3 4045.7(13) 3985.1(6) 9865.3(11) 27.4(3) 
C1 6873.1(18) 4331.2(9) 7757.3(16) 25.7(3) 
C2 6846(2) 3571.0(10) 8164(2) 34.4(4) 
C3 7630(3) 4509.4(13) 6528(2) 51.6(6) 
C4 3092.3(18) 5769.2(10) 7807.4(16) 26.6(3) 




C6 1591(2) 5803.3(14) 7226(2) 45.7(5) 
C7 2873.0(19) 3676.1(10) 9808.5(16) 27.2(3) 
C8 1465.3(19) 4063.9(11) 9881(2) 36.6(4) 
C9 2829(2) 2888.6(11) 9664(2) 40.6(5) 
Fe2 2499.1(2) 3288.2(2) 5466.3(2) 21.73(7) 
Cl1 1893.7(5) 3360.3(3) 3401.4(4) 34.09(11) 
Cl2 3709(5) 4259.3(17) 6053(5) 42.8(7) 
Cl2A 3322(13) 4250(4) 6318(7) 44.0(13) 
Cl3 3885(4) 2368.1(16) 5905(4) 37.1(5) 
Cl3A 4211(10) 2493(5) 5629(8) 38.3(11) 
Cl4 535(5) 3192(3) 6614(6) 62.5(10) 
Cl4A 584(12) 2977(7) 6594(13) 61(2) 
 
Table S41: Anisotropic Displacement Parameters (Å2×103) for cx1362. The Anisotropic 
displacement factor exponent takes the form: -2π2[h2a*2U11+2hka*b*U12+…].  
Atom U11 U22 U33 U23 U13 U12 
Fe1 22.56(15) 24.23(18) 21.59(16) 0.24(13) 1.02(12) -0.89(12) 
O1 29.9(6) 21.6(6) 23.0(6) -2.1(5) -0.3(4) -0.1(5) 
O2 26.7(5) 37.7(7) 22.1(6) 1.8(5) 2.0(4) 2.7(5) 
O3 30.5(6) 26.3(6) 25.5(6) -1.1(5) 1.4(5) -2.4(5) 
C1 27.2(8) 27.8(9) 22.2(8) 1.3(7) -1.2(6) 1.2(6) 
C2 36.6(9) 27.1(10) 39.8(10) 4.3(8) 7.2(8) 8.1(7) 
C3 78.4(16) 39.7(13) 37.5(11) 7.3(10) 25.1(11) 13.8(11) 
C4 28.3(8) 28.1(9) 23.4(8) -6.5(7) 1.3(6) 8.0(6) 
C5 42.0(10) 31.0(10) 34.9(10) 7.0(8) -4.4(8) -4.5(8) 
C6 30.3(9) 74.3(16) 32.4(10) 5.4(10) -0.7(7) 13.7(10) 
C7 35.5(8) 26.7(9) 19.5(7) -0.5(7) 0.8(6) -3.9(7) 
C8 29.1(8) 29.9(10) 51.0(12) -4.8(9) 4.7(8) -6.5(7) 
C9 50.8(11) 25.5(10) 45.3(12) -0.7(9) -1.7(9) -2.7(8) 
Fe2 20.57(11) 19.48(13) 24.98(12) -3.67(9) -3.25(8) 4.36(8) 
Cl1 36.1(2) 36.9(3) 28.8(2) -0.83(18) -11.35(17) -2.40(18) 
Cl2 55.9(12) 23.7(5) 47.8(13) -8.3(8) -25.4(9) -2.4(7) 
Cl2A 75(3) 22.5(11) 34.4(17) -4.0(11) -7.5(18) -13(2) 
Cl3 42.0(9) 25.5(7) 43.4(10) -0.2(6) -8.3(7) 13.8(6) 
Cl3A 41(2) 30.2(19) 44(2) 3.2(15) -4.9(15) 18.7(15) 
Cl4 27.5(9) 115(3) 45.8(9) -6.6(17) 9.7(7) 12.5(13) 




 Table S42: Bond Lengths for cx1362. 
Atom Atom Length/Å   Atom Atom Length/Å 
Fe1 O11 2.1036(12)   C4 C5 1.473(3) 
Fe1 O1 2.1036(12)   C4 C6 1.492(2) 
Fe1 O2 2.1111(11)   C7 C8 1.486(3) 
Fe1 O21 2.1110(11)   C7 C9 1.486(3) 
Fe1 O31 2.1000(12)   Fe2 Cl1 2.1831(5) 
Fe1 O3 2.1001(12)   Fe2 Cl2 2.212(3) 
O1 C1 1.213(2)   Fe2 Cl2A 2.138(7) 
O2 C4 1.228(2)   Fe2 Cl3 2.187(2) 
O3 C7 1.223(2)   Fe2 Cl3A 2.172(5) 
C1 C2 1.487(3)   Fe2 Cl4 2.179(4) 
C1 C3 1.489(3)   Fe2 Cl4A 2.201(10) 
11-X,1-Y,2-Z 
  
Table S43: Bond Angles for cx1362. 
Atom Atom Atom Angle/˚   Atom Atom Atom Angle/˚ 
O11 Fe1 O1 180.0   C2 C1 C3 117.62(17) 
O1 Fe1 O21 87.90(4)   O2 C4 C5 122.05(15) 
O11 Fe1 O2 87.90(4)   O2 C4 C6 119.53(17) 
O1 Fe1 O2 92.10(4)   C5 C4 C6 118.42(16) 
O11 Fe1 O21 92.10(4)   O3 C7 C8 122.02(17) 
O21 Fe1 O2 180.0   O3 C7 C9 119.92(17) 
O31 Fe1 O11 91.92(5)   C8 C7 C9 118.06(16) 
O3 Fe1 O1 91.92(5)   Cl1 Fe2 Cl2 109.25(13) 
O31 Fe1 O1 88.08(5)   Cl1 Fe2 Cl3 112.63(10) 
O3 Fe1 O11 88.08(5)   Cl1 Fe2 Cl4A 109.6(4) 
O3 Fe1 O21 89.56(5)   Cl2A Fe2 Cl1 115.17(18) 
O31 Fe1 O21 90.43(5)   Cl2A Fe2 Cl3A 107.5(2) 
O31 Fe1 O2 89.57(5)   Cl2A Fe2 Cl4A 106.8(3) 
O3 Fe1 O2 90.44(5)   Cl3 Fe2 Cl2 107.94(10) 
O31 Fe1 O3 180.0   Cl3A Fe2 Cl1 106.7(2) 
C1 O1 Fe1 142.99(12)   Cl3A Fe2 Cl4A 111.2(3) 
C4 O2 Fe1 142.10(11)   Cl4 Fe2 Cl1 109.36(15) 
C7 O3 Fe1 143.02(12)   Cl4 Fe2 Cl2 109.73(14) 
O1 C1 C2 123.01(16)   Cl4 Fe2 Cl3 107.88(13) 







Table S44: Torsion Angles for cx1362. 
A B C D Angle/˚   A B C D Angle/˚ 
Fe1 O1 C1 C2 -6.2(3)   Fe1 O2 C4 C6 166.46(15) 
Fe1 O1 C1 C3 173.79(15)   Fe1 O3 C7 C8 -2.4(3) 
Table S46: Atomic Occupancy for cx1362. 
Atom Occupancy   Atom Occupancy   Atom Occupancy 
Cl2 0.700(16)   Cl2A 0.300(16)   Cl3 0.700(16) 
Cl3A 0.300(16)   Cl4 0.700(16)   Cl4A 0.300(16) 
Table S45: Hydrogen Atom Coordinates (Å×104) and Isotropic Displacement Parameters 
(Å2×103) for cx1362.  
Atom x y z U(eq) 
H2A 6440.41 3534 9038.42 52 
H2B 7840.5 3380.27 8175.45 52 
H2C 6239.74 3297.7 7546.43 52 
H3A 7565.22 5023.38 6369.97 77 
H3B 7166.34 4252.87 5798.49 77 
H3C 8656.72 4369.09 6606.72 77 
H5A 4166.69 6659.99 7270.17 54 
H5B 4222.08 6037.61 6205.85 54 
H5C 5216.67 5989.26 7501.94 54 
H6A 909.45 5563.22 7804.65 68 
H6B 1576.24 5566.51 6374.27 68 
H6C 1300.42 6302.5 7117.39 68 
H8A 1653.26 4569.53 10052.58 55 
H8B 886.96 3864.38 10586.33 55 
H8C 927.32 4013.62 9051.12 55 
H9A 3786.61 2716.25 9398.37 61 
H9B 2093.84 2758.85 9000.49 61 
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FeCl3 complex with 14. In a glove box, FeCl3 (20 mg, 0.12 mmol) was placed in a 10-mL 
scintillation vial equipped with a rice stir bar. Anhydrous DCE (0.12 mL, 1 M) was added to the 
vial followed by anhydrous 14 (72 µL, 0.60 mmol). Mixture was allowed to stir at room 
temperature for 30 minutes. After 30 minutes vial was opened and placed gently into a 20-mL 
scintillation vial that contained 2 mL anhydrous pentane. Vial was capped and placed in the 
freezer for 36 hours until orange, transparent crystals were formed.  
Experimental. Single crystals of C48H48Cl8Fe3O6 [cx1363] were supplied. A suitable 
crystal was selected and the crystal was mounted on a MITIGEN holder in Paratone on a 'Bruker 
APEX-II CCD' diffractometer. The crystal was kept at 99.95 K during data collection. Using 
Olex2 [1], the structure was solved with the ShelXT [2] structure solution program using 
Intrinsic Phasing and refined with the ShelXL [3] refinement package using Least Squares 
minimisation. 
Crystal structure determination of [cx1363]  
Crystal Data for C48H48Cl8Fe3O6 (M =1172.01): triclinic, space group P-1 (no. 2), a = 
11.2263(16) Å, b = 11.4866(16) Å, c = 12.2107(18) Å, α = 68.513(3)°, β = 67.287(3)°, γ = 




1.479 g/mm3, 6000 reflections measured (3.758 ≤ 2Θ ≤ 55.754), 6000 unique (Rint = ?, Rsigma = 
0.0691) which were used in all calculations. The final R1 was 0.0770 (I > 2σ(I)) and wR2 was 
0.2445 (all data).  
Refinement Details. The crystal under investigation was found to be non-merohedrally 
twinned. The orientation matrices for the two components were identified using the program 
Cell_Now (Sheldrick, 2005), and the data were processed using both orientation matrices with 
SAINT, The exact twin matrix identified by the integration program was found to be (-0.00506 
1.02501 -0.00023 / -0.02393 -0.05057 0.94412 / 1.03186 0.02575 0.05337). The second domain 
is rotated from first domain by 117.7 \% about the real [1 1 1] axis. The absorption correction 
was carried out using TWINABS V2008/4 (Sheldrick, 2008) to create an hklf5 file which was 
used in all refinements; the structure was solved using direct methods with only the non-
overlapping reflections of component 1. The twin fraction refined to a value of 0.474(3).  
Solvent Treatment Details. N/A  
Table S47: Crystal data and structure refinement for cx1363  
Identification code  cx1363  
Empirical formula  C48H48Cl8Fe3O6  
Formula weight  1172.01  
Temperature / K  99.95  
Crystal system  triclinic  
Space group  P-1  
a / Å, b / Å, c / Å  11.2263(16), 11.4866(16), 12.2107(18)  
α/°, β/°, γ/°  68.513(3), 67.287(3), 70.345(3)  
Volume / Å3  1316.2(3)  





-3  1.479  
μ / mm-1  1.267  
F(000)  598  
Crystal size / mm3  0.239 × 0.114 × 0.099  
2Θ range for data collection  3.758 to 55.754°  
Index ranges  -13 ≤ h ≤ 14, -13 ≤ k ≤ 15, 0 ≤ l ≤ 16  
Reflections collected  6000  
Independent reflections  6000[R(int) = ?]  
Data/restraints/parameters  6000/0/299  
Goodness-of-fit on F2  1.045  
Final R indexes [I>2σ (I)]  R1 = 0.0770, wR2 = 0.2169  
Final R indexes [all data]  R1 = 0.1176, wR2 = 0.2445  
Largest diff. peak/hole / e Å-3  2.566/-0.982  
Table S48: Fractional Atomic Coordinates (×104) and Equivalent Isotropic Displacement 
Parameters (Å2×103) for cx1363. Ueq is defined as 1/3 of of the trace of the orthogonalised 
UIJ tensor. 
Atom x y z U(eq) 
Fe1 0 5000 5000 19.2(3) 
O1 -283(5) 3108(5) 6012(5) 30.7(11) 
O2 634(5) 4444(5) 3385(5) 32.6(12) 
O3 1817(5) 4640(5) 5294(5) 25.5(10) 
C1 -946(7) 2288(7) 6729(7) 27.8(16) 
C2 -1362(8) 2116(9) 8079(8) 37.5(18) 
C3 -1355(6) 1540(7) 6220(7) 24.8(15) 
C4 -2123(8) 635(7) 7023(8) 33.2(18) 
C5 -2589(9) 26(9) 6532(10) 47(2) 
C6 -2307(9) 295(8) 5274(10) 44(2) 
C7 -1513(9) 1164(8) 4481(9) 40(2) 
C8 -1067(8) 1788(8) 4975(8) 32.8(17) 
C9 1524(7) 4097(7) 2549(7) 24.2(14) 
C10 2885(8) 4034(10) 2438(7) 39(2) 




C12 2205(9) 3048(8) 880(7) 38.3(19) 
C13 1869(11) 2563(10) 172(9) 53(3) 
C14 630(12) 2712(11) 236(9) 56(3) 
C15 -346(10) 3358(10) 1023(8) 48(3) 
C16 -42(8) 3817(9) 1764(7) 35.0(18) 
C17 2598(7) 3663(7) 5739(7) 25.1(15) 
C18 2663(7) 2311(7) 5730(7) 29.5(16) 
C19 3442(7) 3859(7) 6287(6) 23.0(14) 
C20 4200(8) 2782(8) 6968(8) 33.7(18) 
C21 4869(8) 3000(9) 7584(8) 40(2) 
C22 4827(7) 4256(9) 7508(8) 39(2) 
C23 4124(8) 5333(9) 6814(8) 35.3(18) 
C24 3425(7) 5143(8) 6206(7) 30.3(16) 
Fe2 6518.3(9) 1408.2(10) 1483.7(9) 22.3(3) 
Cl1 5421.6(18) 1095.6(18) 3426.6(16) 32.7(4) 
Cl2 5676(2) 663(2) 608(2) 38.6(4) 
Cl3 8519.3(18) 334(2) 1376(2) 41.3(5) 
Cl4 6383(2) 3533.7(18) 563.1(18) 35.4(4) 
 
Table S49: Anisotropic Displacement Parameters (Å2×103) for cx1363. The Anisotropic 
displacement factor exponent takes the form: -2π2[h2a*2U11+2hka*b*U12+…]. 
Atom U11 U22 U33 U23 U13 U12 
Fe1 17.1(6) 22.4(7) 21.7(7) -7.9(6) -5.7(5) -6.8(5) 
O1 28(3) 25(3) 39(3) -1(2) -15(2) -9(2) 
O2 30(3) 43(3) 32(3) -19(3) -9(2) -8(2) 
O3 19(2) 26(3) 31(3) -9(2) -8(2) -3(2) 
C1 18(3) 22(4) 39(4) -6(3) -9(3) -1(3) 
C2 30(4) 48(5) 37(5) -17(4) -11(3) -4(4) 
C3 14(3) 21(3) 32(4) -7(3) -2(3) -2(3) 
C4 29(4) 28(4) 40(5) -4(3) -6(3) -13(3) 
C5 39(5) 34(5) 71(7) -19(5) -12(5) -12(4) 
C6 42(5) 32(4) 71(7) -22(5) -30(5) 1(4) 
C7 43(5) 34(4) 44(5) -12(4) -22(4) 1(4) 
C8 27(4) 27(4) 38(4) -7(3) -12(3) 1(3) 
C9 27(3) 23(3) 24(4) -4(3) -7(3) -11(3) 
C10 28(4) 64(6) 28(4) -3(4) -9(3) -24(4) 
C11 25(3) 30(4) 20(3) 1(3) -1(3) -13(3) 




C13 65(7) 50(6) 35(5) -19(5) -2(5) -10(5) 
C14 81(8) 70(7) 32(5) -16(5) -9(5) -42(6) 
C15 53(5) 75(7) 30(5) -2(5) -8(4) -49(5) 
C16 32(4) 47(5) 27(4) -9(4) -2(3) -20(4) 
C17 18(3) 31(4) 25(4) -12(3) -1(3) -6(3) 
C18 27(4) 26(4) 32(4) -12(3) -6(3) -2(3) 
C19 20(3) 27(4) 19(3) -8(3) -1(3) -6(3) 
C20 28(4) 30(4) 43(5) -12(4) -14(3) 0(3) 
C21 26(4) 59(6) 43(5) -14(4) -21(4) -4(4) 
C22 19(3) 65(6) 45(5) -30(4) -8(3) -11(4) 
C23 26(4) 46(5) 46(5) -25(4) -7(3) -13(3) 
C24 22(3) 32(4) 36(4) -9(3) -6(3) -7(3) 
Fe2 18.5(5) 24.6(5) 23.0(5) -7.3(4) -4.5(4) -5.0(4) 
Cl1 29.3(9) 33.7(10) 24.5(9) -6.8(8) -0.8(7) -3.9(7) 
Cl2 42.3(11) 44.0(12) 41.2(11) -14.6(10) -15.6(9) -17.0(9) 
Cl3 20.7(8) 45.6(12) 40.9(11) -2.4(9) -5.2(8) -2.3(8) 
Cl4 40.1(10) 23.5(9) 34.5(10) -3.9(8) -5.2(8) -8.4(8) 
 
Table S50: Bond Lengths for cx1363. 
Atom Atom Length/Å   Atom Atom Length/Å 
Fe1 O11 2.132(5)   C11 C12 1.357(11) 
Fe1 O1 2.132(5)   C11 C16 1.366(11) 
Fe1 O21 2.082(5)   C12 C13 1.393(13) 
Fe1 O2 2.082(5)   C13 C14 1.318(15) 
Fe1 O31 2.086(5)   C14 C15 1.356(15) 
Fe1 O3 2.086(5)   C15 C16 1.386(12) 
O1 C1 1.254(9)   C17 C18 1.533(10) 
O2 C9 1.201(9)   C17 C19 1.464(10) 
O3 C17 1.258(9)   C19 C20 1.424(11) 
C1 C2 1.484(11)   C19 C24 1.435(11) 
C1 C3 1.487(11)   C20 C21 1.377(11) 
C3 C4 1.410(10)   C21 C22 1.397(13) 
C3 C8 1.365(11)   C22 C23 1.401(13) 
C4 C5 1.385(12)   C23 C24 1.377(11) 
C5 C6 1.378(14)   Fe2 Cl1 2.166(2) 
C6 C7 1.398(13)   Fe2 Cl2 2.1837(19) 
C7 C8 1.385(12)   Fe2 Cl3 2.148(2) 




C9 C11 1.470(10)         
1-X,1-Y,1-Z 
  
Table S51: Bond Angles for cx1363. 
Atom Atom Atom Angle/˚   Atom Atom Atom Angle/˚ 
O1 Fe1 O11 180.0   O2 C9 C10 119.3(7) 
O21 Fe1 O1 91.7(2)   O2 C9 C11 119.8(6) 
O21 Fe1 O11 88.3(2)   C10 C9 C11 120.8(7) 
O2 Fe1 O11 91.7(2)   C12 C11 C9 122.9(7) 
O2 Fe1 O1 88.3(2)   C12 C11 C16 117.2(8) 
O21 Fe1 O2 180.0   C16 C11 C9 119.8(7) 
O2 Fe1 O31 79.82(19)   C11 C12 C13 120.2(9) 
O21 Fe1 O3 79.82(19)   C14 C13 C12 122.4(10) 
O21 Fe1 O31 100.18(19)   C13 C14 C15 118.3(9) 
O2 Fe1 O3 100.18(19)   C14 C15 C16 120.5(9) 
O3 Fe1 O11 86.18(19)   C11 C16 C15 121.3(8) 
O31 Fe1 O11 93.82(19)   O3 C17 C18 122.0(6) 
O31 Fe1 O1 86.18(19)   O3 C17 C19 117.3(6) 
O3 Fe1 O1 93.82(19)   C19 C17 C18 120.7(7) 
O31 Fe1 O3 180.0   C20 C19 C17 120.0(7) 
C1 O1 Fe1 155.1(5)   C20 C19 C24 120.5(7) 
C9 O2 Fe1 149.5(5)   C24 C19 C17 119.3(7) 
C17 O3 Fe1 135.6(5)   C21 C20 C19 118.5(8) 
O1 C1 C2 119.3(7)   C20 C21 C22 120.1(8) 
O1 C1 C3 119.9(7)   C21 C22 C23 122.5(7) 
C2 C1 C3 120.8(6)   C24 C23 C22 118.6(8) 
C4 C3 C1 120.0(7)   C23 C24 C19 119.7(8) 
C8 C3 C1 120.2(6)   Cl1 Fe2 Cl2 109.24(9) 
C8 C3 C4 119.7(7)   Cl1 Fe2 Cl4 110.11(8) 
C5 C4 C3 119.2(8)   Cl2 Fe2 Cl4 108.99(9) 
C6 C5 C4 120.7(8)   Cl3 Fe2 Cl1 106.60(9) 
C5 C6 C7 119.9(8)   Cl3 Fe2 Cl2 109.14(10) 
C8 C7 C6 119.3(9)   Cl3 Fe2 Cl4 112.70(9) 






Table S52: Torsion Angles for cx1363. 
A B C D Angle/˚   A B C D Angle/˚ 
Fe1 O1 C1 C2 -77.5(14)   C8 C3 C4 C5 -1.0(11) 
Fe1 O1 C1 C3 100.0(13)   C9 C11 C12 C13 174.8(8) 
Fe1 O2 C9 C10 -4.8(15)   C9 C11 C16 C15 -176.8(8) 
Fe1 O2 C9 C11 171.0(7)   C10 C9 C11 C12 7.7(12) 
Fe1 O3 C17 C18 26.3(10)   C10 C9 C11 C16 -175.0(8) 
Fe1 O3 C17 C19 -152.9(5)   C11 C12 C13 C14 2.4(15) 
O1 C1 C3 C4 -178.8(7)   C12 C11 C16 C15 0.7(12) 
O1 C1 C3 C8 -3.3(10)   C12 C13 C14 C15 -0.1(16) 
O2 C9 C11 C12 -168.1(7)   C13 C14 C15 C16 -1.8(15) 
O2 C9 C11 C16 9.2(11)   C14 C15 C16 C11 1.5(14) 
O3 C17 C19 C20 170.6(7)   C16 C11 C12 C13 -2.6(12) 
O3 C17 C19 C24 -5.0(9)   C17 C19 C20 C21 -173.0(7) 
C1 C3 C4 C5 174.5(7)   C17 C19 C24 C23 174.2(6) 
C1 C3 C8 C7 -175.7(7)   C18 C17 C19 C20 -8.7(10) 
C2 C1 C3 C4 -1.3(10)   C18 C17 C19 C24 175.8(6) 
C2 C1 C3 C8 174.2(7)   C19 C20 C21 C22 -1.7(12) 
C3 C4 C5 C6 0.2(12)   C20 C19 C24 C23 -1.4(11) 
C4 C3 C8 C7 -0.2(11)   C20 C21 C22 C23 -0.3(13) 
C4 C5 C6 C7 1.7(13)   C21 C22 C23 C24 1.5(12) 
C5 C6 C7 C8 -2.8(12)   C22 C23 C24 C19 -0.6(11) 
C6 C7 C8 C3 2.1(11)   C24 C19 C20 C21 2.5(11) 
  
Table S53: Hydrogen Atom Coordinates (Å×104) and Isotropic Displacement Parameters 
(Å2×103) for cx1363. 
Atom x y z U(eq) 
H2A -927.4 2611.3 8251.26 56 
H2B -1107.63 1203.61 8499.48 56 
H2C -2326.46 2418.05 8378.55 56 
H4 -2317.55 445.44 7891.21 40 
H5 -3109.24 -582.29 7068.71 56 
H6 -2651.59 -109.74 4946.46 53 
H7 -1280.94 1324.94 3612.21 48 
H8 -551.02 2399.66 4436.6 39 
H10A 2878.89 4464.26 3001.38 59 




H10C 3359.32 3133.6 2648.59 59 
H12 3111.08 2949.04 784.85 46 
H13 2558.99 2109.86 -375.48 63 
H14 426.09 2374.2 -257.46 67 
H15 -1244.94 3498.05 1066.65 58 
H16 -739.71 4250.14 2324.3 42 
H18A 2321.82 1801.31 6576.6 44 
H18B 3584.95 1896.91 5372.49 44 
H18C 2123.68 2372.17 5234.55 44 
H20 4241.65 1931.84 6995.66 40 
H21 5361.39 2294.94 8061.12 49 
H22 5292.08 4385.36 7943.95 46 
H23 4128.97 6176.33 6762.73 42 
H24 2933.42 5857.55 5736.4 36 
This report has been created with Olex2, compiled on 2018.05.29 svn.r3508 for OlexSys.
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